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1. Introduction 
1.1. Background 
An antenna is a device that transmits and receives radio waves; in 
transmission an antenna converts a guided wave into a free space wave, and 
in reception vice versa. Thus, the antenna is a necessary part of all radio 
systems. The antenna is typically also the largest-sized component of a 
radio system. The used antenna type depends on the application and the 
environment where the particular radio system is used. For example, in the 
typical broadcast field strength a simple conducting wire might be a proper 
receiving antenna, but in satellite communication systems highly directive 
parabolic antennas are typically required to be able to separate the wanted 
signal from the unwanted signals and noise. The most important electrical 
characteristics of antennas are directional pattern, polarisation, efficiency, 
and matching. In addition, the mechanical characteristics such as size, 
shape, weight, and robustness are important, and of course, in mass 
production also the price and manufacturability are essential. In modern 
mobile communications devices the antennas operate in a fairly complex 
and size-limited environment and thus the requirements, especially for the 
size and shape of the antennas, are very strict.  
In order to be an efficient antenna, the length of the radiator structure 
needs to be at least about a quarter of the wavelength. As the wavelength 
below 1 GHz is over 300 mm, it is very challenging to implement quarter-
wavelength-long radiators within typical mobile terminals whose size is 
only 100–130 mm. On the other hand, the use of such long wavelengths 
(low frequencies) is tempting since longer radio waves propagate essentially 
better than remarkably shorter waves (higher frequencies such as several 
GHz). Thus, the limited space available for the antennas within mobile 
devices together with the use of relatively long waves leads to the use of 
electrically small antennas, whose inherent property is the impaired 
performance compared to essentially larger antennas. In addition, any 
“universal” wideband antenna, which would cover simultaneously all the 
required frequency bands, cannot be implemented. Mobile terminal 
antennas are hence designed by optimising especially the size, shape and 
performance of the antenna according to the respective platform, requested 
frequency band(s), and the performance requirements of the given radio 
system.  
In addition to the inherently suffered performance of electrically small 
antennas, the user of a handheld mobile device typically affects the 
20 
 
operation of the antennas by additionally impairing the performance. This 
makes the operation conditions of the antennas ever trickier, and in the 
worst case the wireless connection can even be blocked due to the user 
effect. However, users nevertheless assume that any system operates 
reliably regardless of the holding position and operating location of the 
mobile device. This problem can be partly overcome with careful design of 
the antenna system (including possible compensation methods) and by 
taking into account the realistic performance of the antenna already in the 
planning procedure of the whole radio system.  
During the last decade there has been a significant increase in the number 
of different functions and radio systems supported by handheld devices. 
Today’s terminals need to cover several separate frequency bands which all 
need an antenna preferably embedded within the device. The number of the 
supported frequency bands can still be expected to increase [1], and thus 
novel antenna solutions are required to be able to cover all the possible 
frequency bands with sufficiently small and thin antenna structures and 
adequate performance. In future, more efficient exploitation of the available 
radio spectrum will probably lead to the concept of cognitive radio, in which 
the whole radio environment is actively monitored and the radio system 
dynamically adapts its spectral operation based on the available networks 
and the needs of the user. Such adaptivity is necessary for covering the 
increasing number of frequency bands, and particularly for the increasing 
levels of wireless data traffic. This function requires ever more flexible 
wideband antennas, especially in the UHF band (0.3-3 GHz) [2].  
1.2. Objective of the thesis 
The results of this thesis aim at improved understanding of the UHF-band 
antennas in handheld mobile devices. Especially, the equivalent circuit 
modelling, implementation, design, and the user body effect of the 
antennas are handled. Even though the current radio systems and 
standards, especially the lower UHF-band digital television receiver (DVB-
H), are used as application examples, the understanding gained in this 
thesis can be seen as system-independent and long-term, and it can be 
exploited for designing the mobile terminal antennas operating in the UHF 
band, for instance, for low-band LTE, future 4G and cognitive radios.  
1.3. Organisation of the thesis 
The main scientific results of this thesis are presented in articles [I]-[VIII]. 
The thesis is divided into two main parts. The first part handles the 
operation and implementation of the compact coupling-based antennas in 
21 
 
free space [I]-[V], and the second part is devoted for the user-interaction 
issues of the studied antennas [VI]-[VIII]. The order of the articles within 
each part is chosen in such a way that the theoretical circuit modelling 
article, which increases the general understanding of the operation of the 
antennas, is placed before the other, more specific articles. 
This summary combines the main results and places them within a larger 
scientific context. The summary is organised as follows: small-antenna 
fundamentals, matching and bandwidth enhancement methods, as well as 
traditional mobile terminal antennas are discussed in Chapter 2. Chapter 3 
introduces compact coupling-based antenna structures, their 
implementation and design applications in free space. Chapter 4 handles 
the user-interaction issues. Chapter 5 includes the summary of the articles 
and Chapter 6 contains the final conclusions of the work. 
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2. Fundamentals of small mobile 
terminal antennas  
2.1. Background theories and terms 
2.1.1. Small antenna as a resonator 
An antenna can be defined as “small” in different ways. In this thesis, small 
antennas are understood as electrically small antennas, which means that 
they can be enclosed inside a sphere of radius a = λ0/2π, where λ0 is the free 
space wavelength at the operating frequency [3]. Electrically small antennas 
store much more energy in the reactive near fields than is radiated into the 
far field in a time period. The outer boundary of the reactive near fields of 
small antennas is often considered to extend to a distance of λ0/2π from the 
surface of the antenna. The reactive near fields consist of the inductive and 
capacitive parts and the energy oscillates between the magnetic and electric 
fields. The resonance is achieved when the inductive and capacitive energy 
levels are equal and they cancel each other out. Since the operation of small 
antennas is based on the resonance phenomenon, it is advantageous to use 
the resonator theory in describing the operation of small antennas.  
The quality factor Q describes the ratio between the energy W stored and 
the energy P dissipated per time period in the resonator. The general 
definition of the quality factor is [4] 
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where ωr is the (angular) resonant frequency of a matched antenna. The 
quality factor of a small unmatched antenna can also be determined from 
the fundamental input impedance of the antenna using the following 
approximate formula [5] 
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where R(ωr) and X(ωr) are the input resistance and reactance of the 
antenna, respectively, and R’(ωr) and X’(ωr) are their frequency derivatives.  
The unloaded quality factor Q0 describes all the losses P0 in the resonator 
without the external feeding circuit. The losses include the resistive losses 
in the metallic and dielectric structures as well as the radiation “losses”. 
Actually, (2.2) gives the unloaded quality factor since the input impedance 
takes into account all the losses of the antenna structure. In order to 
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achieve useful information, different loss mechanisms can be described 
with separate quality factors. The radiation quality factor Qrad includes only 
radiation losses. Losses in the dielectric and conductor materials are 
described by dielectric and conductor quality factors Qd and Qc. By adding 
up the different loss powers, the connection between the different quality 
factors becomes [4] 
cdrad0
1111
QQQQ
 .   (2.3) 
There is a theoretical fundamental lower bound on the minimum radiation 
quality factor of a small antenna. If an antenna is enclosed inside a sphere 
with the radius a and it stores no energy inside the sphere, the smallest 
possible radiation quality factor of a linearly polarised antenna radiating at 
the lowest TE or TM resonance mode can be calculated from [6], [7], [8] 
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where the wave number k0 = 2π/λ0. This lower bound is typically called as 
the “Chu limit”, and it is an important tool when estimating the maximum 
available bandwidth of an antenna of a particular size. However, due to the  
above-described ideal assumptions, especially that the energy stored inside 
the sphere is not taken into account, it is not possible to reach Qrad,min with 
any practical antenna. 
A small antenna accepts the largest amount of power at the resonant 
frequency. Outside the resonant frequency the impedance of a small 
antenna changes rapidly and thus the impedance becomes the main factor, 
which limits the usable bandwidth. The impedance bandwidth is usually 
defined in terms of the return loss, Lretn, or the voltage standing wave ratio, 
VSWR. Near the resonant frequency, the impedance of a small antenna can 
be modelled as a series or parallel RLC equivalent circuit. The relative 
impedance bandwidth of the equivalent circuit can be derived and it can be 
calculated from 
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where S is the maximum accepted voltage standing wave ratio at the edges 
of the impedance band and T is the coupling coefficient [9]. With the 
optimal over coupling, T = ½∙(S + 1/S), the theoretical maximum relative 
bandwidth becomes 
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In the discussion above, a small antenna is expected to be single-resonant. 
However, small antennas can also have multi-resonant operation which is a 
very efficient method to enhance the impedance bandwidth. That will be 
discussed later in Section 2.2.  
2.1.2. Efficiency, directivity, gain 
The radiation efficiency is defined as the ratio of the power radiated Prad and 
the power P0 accepted by the antenna [10] 
lossrad
rad
rad
0
0
rad
rad
RR
R
Q
Q
P
P

 ,  (2.7) 
where Rrad and Rloss are the radiation and resistive loss resistances of an 
RLC resonator circuit that models the antenna at a certain (typically 
narrow) frequency band. The matching efficiency is defined as the ratio 
between the power P0 accepted and the power Pin available at the antenna 
input [10] 
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where ρ is the voltage reflection coefficient, which can be calculated either 
from [11] 
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where Zin is the input impedance of the antenna and Z0* is the complex 
conjugate of the impedance Z0 of the feed, or from 
1
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For example, if the return loss is 6.0 dB (VSWR ≈ 3) at the edges of the 
impedance band, the corresponding reflection coefficient is about |ρ| = 
0.50 and the matching efficiency at the edges of the impedance band is 0.75 
= -1.3 dB. Total efficiency ηtot is the product of the radiation and matching 
efficiencies [10] 
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The directivity describes the directional radiation properties of an antenna. 
The directivity D to the direction of the maximum radiated/received power 
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is defined as the ratio between the maximum and average power densities 
[10] 
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where Smax is the maximum power density [W/m2] in the far field region, 
S(θ, φ) is the power density function of an antenna, θ, and φ are variables 
in the standard spherical coordinate system. For electrically small antennas 
the directivity is close to 2 dBi [12]. 
Compared to the directivity, the gain takes into account the resistive losses 
in the antenna structure. The (electromagnetic) gain G is defined as [10] 
 DG  rad .    (2.13) 
Furthermore, if the mismatching losses are also included, the realised gain 
Greal is used and it is defined as [10] 
 DGreal  tot .   (2.14) 
Finally, the principal difference between the directivity, gain and realised 
gain is illustrated in Fig. 1. The effect of the impedance behaviour of a small 
antenna can be noticed in the realised gain curve. 
 
Fig. 1. Conceptual graph on the principal difference between directivity D, 
(electromagnetic) gain G and realised gain Greal.  
2.1.3. Matching methods  
In order to guarantee sufficient power transmission between an antenna 
and its feeding circuit, the antenna needs to be in resonance, i.e., the 
impedances need to be matched. The perfect matching (ρ = 0) is achieved 
when the impedances are each other’s complex conjugates, see (2.9). 
However, the perfect matching can be achieved only at single frequency 
points (the theory will be introduced in Section 2.2.1), and thus a certain 
mismatching loss has always to be accepted across the defined (finite) 
operational band (2.8).  
D
D, G, Greal [dBi]
Grad

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f
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Antennas are either self-resonant or the resonance is produced with an 
external matching circuitry. Typical self-resonant antennas are open half-
wave resonators (such as dipole and half-wave microstrip patch antennas) 
and quarter-wave resonators on a ground plane (such as monopole, helix, 
and planar inverted-F antennas). If the antenna is not in the resonance at 
the desired frequency band, or the resonance needs to be frequency tuned, a 
matching circuitry can be used.  
State-of-the-art high-Q (low-loss) lumped elements (such as capacitors and 
inductors) are applicable in matching circuits roughly up to 2 GHz. 
Depending on the lumped components, they can also be used at frequencies 
higher than 2 GHz if the physical size of the component is clearly smaller 
than the wavelength – i.e., the largest dimension is smaller than, for 
instance, λ/30 [4], and the losses and parasitic effects are small enough. 
Basic lumped-element matching circuits consist of L-section networks, 
whose topology (eight possibilities) is defined by the location of the antenna 
impedance on the Smith chart [4], [13]. The designer can basically choose 
from two or four suitable matching circuit topologies. However, some 
topologies can provide a broader impedance bandwidth than others [13]. 
The design of L-section matching circuits is rather straightforward since 
closed-form design formulas are available, see [4], [13].  The matching 
circuitry can be implemented using distributed elements such as tuning 
stubs, or different kinds of transformers as well [4], [13]. However, the 
distributed elements cannot typically be used below 1 GHz, since the 
physical size of the matching circuitry would become too large to be placed 
inside a mobile terminal. Generally, the selection of the matching circuit 
technology is dictated by the losses, tolerances, available component values, 
printed circuit board area, and costs of the final implementation.   
2.1.4. Specific absorption rate and hearing-aid compatibility  
The specific absorption rate (SAR) is used as a measure to determine the 
time rate of the radio frequency energy absorbed per unit mass of human 
tissue. It is defined as 
d
2
rms
eff

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E
SAR  ,   (2.15) 
where σeff is the effective conductivity of the tissue (defined with equation εr 
= εr’-j∙εr’’=εr’-j∙σeff/ω∙ε0), Erms is the root-mean-square value of the electric 
field strength and ρd is the mass density. The SAR regulations are set to 
limit the RF exposure of the user of an RF device. The most important limit 
is for the spatial peak SAR in body (except in hands, wrists, feet and ankles) 
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and it is 2 W/kg (averaging mass 10 g) by ICNIRP [14] and 1.6 W/kg 
(averaging mass 1 g) by IEEE [15].  
The hearing-aid compatibility (HAC) standard is set to avoid the 
electromagnetic compatibility problems caused by a mobile terminal on the 
operation of the hearing aid of the user, especially due to the near fields of 
the antennas [16]. The HAC standard limits the free space electric and 
magnetic field strengths around the earpiece of the terminal.  
2.2. Bandwidth enhancement methods 
The inherently narrow bandwidth of small antennas could, in principle, be 
enhanced by increasing the volume of the antenna, see (2.4). Typically, that 
is not feasible in modern mobile phones in which the volume reserved for 
the antennas is limited. If the volume is kept the same but the total 
efficiency is decreased, the bandwidth increases, see (2.5). In transmission 
the valuable battery power is then wasted in the losses, which is contrary to 
the desired long operation time, and in reception the signal-to-noise ratio 
degrades. Thus, the three important characteristics (bandwidth, efficiency 
and volume) of a small antenna are interrelated – i.e., one of these 
characteristics can only be improved at the expense of the other. Hence, the 
main challenge in small-antenna design is to find a reasonable case-specific 
trade-off between the three main properties. In addition, there are certain 
methods that might provide increased bandwidth resulting in more overall 
benefits than disadvantages. Those methods are 1) multi-resonant matching 
circuits, 2) frequency-tuneable matching circuits and 3) sacrificing 
efficiency, and they are presented in the following sections. 
2.2.1. Multi-resonant matching circuits 
So far, small antennas have been discussed as single-resonant resonators. It 
is a well known fact that the impedance bandwidth can be increased very 
efficiently with multiple resonances, which can be implemented with 
coupled high-Q (low-loss) resonators, for example, in the matching circuit 
[17]. The theoretical maximum bandwidth with one additional resonator 
(dual-resonant operation) can be calculated from [18] 
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where S is the maximum allowed voltage standing wave ratio at the edges of 
the impedance band. Compared to the single-resonant case (2.6) the 
enhancement of the relative bandwidth is about 100%, which means 
doubled bandwidth [18]. With two and three additional resonators the 
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enhancement compared to the single-resonant case is about 150% and 
180%, respectively [18]. With four or more resonators, the additional 
benefit gained by each resonator saturates fast towards the theoretical 
maximum bandwidth given by the Bode-Fano criterion [19], [20]: 
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The theoretical maximum bandwidth Br,max is achieved with an infinite 
number of additional ideal resonators, and it is hence impossible to reach. 
Also in practice the number of additional resonators is limited due to the 
losses and complexity of the matching circuit. In addition, it can easily be 
seen from (2.17) that the perfect matching (S = 1) can be achieved only at 
single frequency points since the relative bandwidth Br,max tends to null 
when S approaches 1. 
Even though the theory for general multi-resonant matching circuits is 
well-known [11], [18], [19], [20], there does not exist general closed-form 
design formulas for such circuits. Only in some cases, when the input 
impedance is modelled with an equivalent circuit, such formulas have been 
derived. For example, for an antenna that can be modelled as a series RLC 
equivalent circuit over a certain bandwidth, a dual-resonant matching 
circuit can be designed using the analytical design formulas [21], [22]. In a 
general case the suitable topology of the matching circuit needs to be 
chosen depending on the input impedance of the antenna and numerous 
practical causes (such as available components, tolerances, losses, PCB 
area). Dual- and triple-resonant matching circuits will be applied in 
Chapters 3 and 4.  
2.2.2. Frequency-tuneable matching circuits 
One solution to implement a virtually enlarged overall bandwidth is to split 
the operation band into two or more non-simultaneously used sub-bands 
with an adaptive matching circuit. The typical ways to implement the 
adaptive matching are to use either 1) electrically adjustable tuning 
components (e.g., varactors) [23]-[25] or 2) parallel matching circuits for 
each sub-band separated by an RF switch [26]-[30]. The basic challenges of 
the frequency-tuneable matching circuits are the non-linearity and losses 
caused by the semiconductor tuning components [30], [31], [III]. In 
addition, the tuning circuit needs a control voltage and increases the 
complexity of the whole antenna system. Frequency-tuneable matching 
circuits will be further handled in Section 3.3.4. 
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2.2.3. Sacrificing efficiency 
As was discussed earlier and can be seen from (2.5), an inherently narrow-
band antenna can be designed in such a way that the impedance bandwidth 
is significantly increased at the expense of the overall total efficiency. Even 
though this method is not commonly recommended, in some specific cases, 
for instance, in mobile terminal antennas the total efficiency may have to be 
sacrificed in order to optimise other important characteristics such as the 
size of the antenna. There are basically three options: 
1) One can use resistive loading of an antenna (lowering radiation 
efficiency artificially, for instance, with resistors in the input of the 
antenna or other lossy materials), 
2) one can use resistive matching (attenuators), or 
3) one can just accept higher mismatching between an antenna and its 
feeding circuit (lowering matching efficiency).  
Comparing these three cases, it can be shown with the help of (2.6) and 
(2.16) that the third option provides the widest bandwidth for a given 
decrease of the total efficiency. For example, moderate mismatching is 
allowed in current mobile phones: Instead of the 10 dB return loss 
matching criterion, 6 dB is typically used in the cellular/transceiver 
systems, see for example, [18], [32]. When accepting a return loss of 6 dB 
instead of 10 dB, the theoretical increase of the bandwidth of an optimally 
overcoupled single-resonant antenna is as much as 78% (2.6). The price 
paid is about 0.74 dB lower total efficiency at the edges of the impedance 
band (2.8) and (2.11). On the other hand, if the total efficiency of the same 
antenna was decreased the same 0.74 dB by artificially decreasing the 
radiation efficiency, the increase of the optimally-coupled 10-dB return loss 
bandwidth would be only about 19% (2.6), (2.7), (2.8), (2.11). In the 
corresponding dual-resonant case (2.16), the improvement of the 
bandwidth is 63% when accepting mismatching and 19% when artificially 
decreasing the radiation efficiency. The lowest acceptable matching level 
needs to be considered separately in each case since there are typically also 
practical limitations, such as possible oscillations in the amplifier and 
distortion of the signal. However, in mobile terminals the transceivers are 
typically rather “robust” since, for example, the user’s hand fully covering 
the antenna may dramatically change its input impedance (as will be 
noticed in Section 4.1) and can therefore cause severe mismatching, which 
has to be tolerated.  
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2.3. Mobile terminal antennas 
2.3.1. General requirements and trends 
The important basic characteristics of mobile terminal antennas are the 
size, impedance bandwidth and total efficiency as described earlier. The 
following listing describes the general requirements of the antennas in 
more detail. 
1) Size and shape: Generally the volume and thickness should be as 
small as possible whilst the performance requirements are met. The 
shape has to fit within the given platform, and also together with the 
other antennas and components such as the display, battery, 
camera, connectors, and acoustic devices. 
2) Matching: The input impedance of the antenna needs to be well 
enough matched to the complex feed impedance which also changes 
as a function of frequency across the band of operation. Acceptable 
matching should be maintained also in the close vicinity of the user’s 
head and hand.  The cellular antennas operate in several radio 
systems and thus need to have multi-band operation. 
3) Efficiency: Generally the efficiency should be as high as possible in 
order to guarantee reliable operation of the radio system and long 
operation time. In practice, relatively large losses introduced by the 
mismatching, lossy parts of the terminal, and the additional losses 
caused by the user have to be tolerated.  
4) Interoperability: The isolation between the antennas should be 
good enough since otherwise signals leaking from a transmitter 
antenna to another antenna can block the operation of the 
respective system, and in addition the efficiencies of the antennas 
decrease.   
5) Directional pattern and polarisation: An omnidirectional 
directional pattern in the azimuth plane is desirable (except in the 
direction of the user) due to the random orientation of the terminal 
and the incident wave(s). Due to the inherently low directivity of 
small antennas, the antenna designer cannot typically affect the 
directional pattern and polarisation, especially in the 1-GHz 
frequency range. However, the polarisation of the antenna is not 
obviously very important because typically in a complex multipath 
propagation environment some component of the incident waves 
has the same polarisation as the antenna.  
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6) User-related regulations: The antennas (or actually the whole 
terminal) must respect the specific absorption rate (SAR) 
regulations [14], [15] that are used to limit the radio frequency 
energy absorption per mass unit of the human tissue, see Section 
2.1.4. Thus, the SAR values are a very important characteristic of the 
antennas. In addition, low SAR values are also desirable since 
typically less power is absorbed by the user and thus the radiation 
efficiency is higher [33]. The hearing-aid compatibility (HAC) 
standard, see Section 2.1.4, is regulated in the USA [16], but it might 
become widely introduced around the world. The performance of 
the terminal antennas in the user’s hand grip is aimed to be 
regulated [34]. The standardised over-the-air (OTA) measurements 
are to be performed with homogeneous standard hand phantoms, 
introduced, for instance, by SPEAG [35] or IndexSAR [36].  
7) Commercial aspects: In commercial mass production the 
manufacturability and testing should be cost-effective and reliable. 
2.3.2 Short review of traditional internal antennas and future 
perspective 
In current mobile terminals, the most commonly employed internal 
antennas are based on microstrip technology [32]. They have several 
advantages, such as planar structure, internal “built-in” structure, light 
weight, durability, low-cost, and easiness of manufacturing. The main 
disadvantage is the high radiation quality factor – i.e., inherently narrow 
impedance bandwidth. On the other hand, interfering out-band signals and 
noise are also attenuated effectively. The simplest microstrip antenna 
structure is a rectangular half-wave microstrip patch placed at a certain 
height above a ground plane [37]. The size of a microstrip patch antenna 
can be decreased significantly by short-circuiting one edge or corner of the 
patch. A planar inverted-F antenna (PIFA) is the most commonly used 
short-circuited planar antenna in mobile terminals [38]. Its physical length 
is typically slightly less than a quarter of the wavelength. One single PIFA 
element can be designed to perform, for example, penta-band operation for 
GSM850, E-GSM, GSM1800, GSM1900 and 3G, by shaping the element 
and utilising multi-resonant techniques (such as parasitic elements). The 
design of such PIFAs is presented in text books, see for instance [32], [39]. 
A variant antenna of the PIFA is an inverted-F antenna (IFA) which 
consists of a short-circuited quarter-wavelength-long wire or strip. An ILA 
is an inverted-L antenna, which is a variant of a monopole on a ground 
plane. IFAs and ILAs are useful antennas, for example, for GPS, WLAN and 
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Bluetooth [32], [40]. Fig. 2 shows a separate PIFA-IFA antenna unit, which 
is positioned in the end of a mobile terminal.  
 
Fig. 2. a) PIFA-IFA antenna unit for mobile terminals [32], and b) placing of the 
antenna unit in the end of the ground plane of the printed circuit board of the 
terminal [40]. 
However, the traditional self-resonant antenna solutions, as introduced 
above, might not be viable to provide broadband and/or multi-band 
operation with sufficiently thin and small antenna structures for future 
multi-function terminals, such as LTE, 4G and cognitive radios. Thus, novel 
antenna solutions are required. One option is to exploit all the available 
conductive parts of the terminals as radiators. It is already well known that 
the metallic ground plane and other “large” electrically conductive parts of a 
mobile terminal play a significant role in the radiation of the traditional 
self-resonant UHF-band antennas. This phenomenon can be further 
exploited to optimise especially the impedance bandwidth-to-volume ratio 
of the UHF-band antennas [41]. That topic will be studied in greater detail 
in the next chapter.  
2.3.3 Design strategies and available solutions for UHF-band digital 
television receiver antennas in mobile terminals 
In addition to the radio systems mentioned in the previous sections, today’s 
multisystem radios may also include a digital television (DTV) receiver, 
which is used as an application example of the lower UHF band – i.e., below 
1 GHz – broadband receiving antennas studied in this thesis. A systematic 
study of the implementation, design and analysis of such antennas in 
mobile terminals covers a remarkable part of the articles of this thesis [II], 
[IV] and [VII]. The antenna design strategies, performance parameters 
and existing antenna solutions for the DTV in mobile terminals are handled 
comprehensively in [II] and discussed also in this section. New antenna 
solutions will be handled in Section 3.3.3 and the user effect issues in 
Section 4.3.   
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DVB-H (Digital Video Broadcasting-Handheld) is used as a digital 
television (DTV) standard in this thesis since it is a typical broadband DTV 
standard for mobile terminals and used at least in Europe [42], [43]. 
However, there are also other broadcasting digital television standards for 
handheld devices, such as ATSC-M/H (Advanced Television Systems 
Committee - Mobile/Handheld) in North America, ISDB (Integrated 
Services Digital Broadcasting) “1seg” in Japan and South America, and 
DTMB (Digital Terrestrial Multimedia Broadcast) in the People’s Republic 
of China. All of them operate in the lower UHF band, and thus the design 
methods presented in this thesis can be applied to other standards, too. 
The frequency band of DVB-H is 0.47 - 0.75 GHz (Br = 46%) in mobile 
terminals, which supports also an E-GSM system at 0.88 - 0.96 GHz. The 
respective wavelength for the DTV system is 400-640 mm. As the typical 
handset length is 100-130 mm, an internal DTV antenna is electrically 
rather small. Due to the inherent physical limitations described in Section 
2.1, the implementation of small broadband DTV antennas is very 
challenging across the DTV band with the typical matching criterion (6 dB 
return loss) of current cellular antennas. Thus, the designer has to use all 
possible means to maximise the impedance bandwidth of the antenna. 
Basically, the design consists of three aspects:  
1) minimising the radiation quality factor of the antenna structure, 
2) sacrificing the total efficiency to the lowest acceptable level (Section 
2.2.3), 
3) using optimal matching methods including tuneable matching 
circuit and/or multi-resonant broadband matching (Sections 2.2.1 
and 2.2.2). 
What comes to Item 1), “traditional” terminal antennas (see the previous 
section), such as PIFAs and IFAs, could be utilised as DTV antennas but the 
impedance bandwidth would be too narrow or the antenna size would 
become too large to be placed inside a handset [44], [45]. The new antenna 
solutions based on the exploitation of the radiation of the ground plane will 
be handled in the next chapter. 
Concerning Item 2), a basic requirement for radio systems is to reach a 
sufficient signal-to-noise ratio over the frequency band of operation. In 
order to minimise the size of the antenna element, the design principle of 
the DTV antennas is to provide performance (efficiency) which is just 
enough for guaranteeing the operation with a certain reliability level [46], 
[II]. It is hence possible to sacrifice the efficiency since the DTV is a receive-
only system and typically a lower total efficiency compared to a transceiver 
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can be accepted in receiving antennas [47]. Based on the rough estimation 
performed in [II], the lowest acceptable total efficiency for a DTV antenna 
is in the order of -16 to -12 dB over the band. Similar calculations have been 
performed also in [46].  
The expected DTV antenna performance in the DVB-H standard followed in 
this paper has been given in terms of the realised gain (2.14) [42], [43] 
which consists of the directivity (2.12) and the total efficiency (2.11), see Fig. 
1. In the DVB-H system specifications, the realised gain of the antenna 
placed inside a real mobile terminal is expected to be in the order of -10 dBi 
at 0.47 GHz and to increase linearly in decibels to about -6.5 dBi at 0.75 
GHz. When the directivity (2 dBi for electrically small antennas [12]) is 
excluded, the total efficiency across the band is expected to be in the order 
of -12 to -8.5 dB according to the above-mentioned realised gain limit. 
Concluding the calculations above, the expected performance of a DTV 
antenna is at least 3.5 dB higher than the estimated lowest acceptable total 
efficiency. In this thesis, the presented realised gain limit is considered as 
the performance specification for internal DTV antennas. The means how to 
sacrifice the efficiency are discussed in Section 2.2.3 and will be used in 
practice in Section 3.3.3.  
What comes to Item 3), due to the inherently narrow impedance bandwidth 
of small antennas, tuneable matching seems like a reasonable choice for 
DTV antennas. However, one challenge is the non-linearity caused by the 
semiconductor tuning component, which becomes a problem especially 
during the simultaneous use of E-GSM transmission if a part of the 
transmitted strong E-GSM signal is coupled to the DTV antenna. In 
addition, the tuning circuit is typically lossy, and it needs a control voltage 
and increases the overall complexity of the whole system. On the other 
hand, the high linearity and fixed matching of passive implementation of 
the antenna motivates the use of broadband multi-resonant antennas 
whenever a suitable small antenna can provide sufficient performance. In 
the end, the matching strategy (tuneable, broadband or their suitable 
combination) is dictated by the available volume for the antenna, available 
electrical components (including antenna technology), and the required 
performance of the system.  
The available internal DTV antenna solutions are divided into two main 
categories according to the matching method (Item 3). The first group is 
formed by the electrically tuneable antennas which create an instantaneous 
resonance at a suitable frequency so that at least a single 8-MHz channel is 
covered. Examples of the electrically-tuneable antennas are introduced in 
[23], [24], [48], [49]. The second main group is formed by antennas with 
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fixed broadband (typically multi-resonant) matching. As stated above, the 
main challenge is to cover the whole DTV band with a sufficiently small 
antenna having the required realised-gain performance [50]-[55].  
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3 Compact coupling-based mobile 
terminal antennas 
3.1 General 
The ground planes of the printed circuit board (PCB), EMC shielding and 
other electrically conductive parts (like display and its frame) of a handheld 
device create a solid RF ground plane, called a chassis. This electrically 
conductive chassis has a significant effect on the impedance and radiation 
properties of the antennas. Actually, the required impedance bandwidths of 
the internal antennas would not be possible without the presence of the 
chassis at the lower UHF frequencies (below 1 GHz), because the 
representative antenna element is alone electrically too small to be able to 
cover the bandwidths required, for example, for DTV and GSM850/E-GSM 
(see Section 2.1.1). This chapter describes and studies how the chassis can 
be exploited as a part of the antenna structure for the future’s systems in 
the UHF band. 
Traditional mobile terminal antennas, such as a planar inverted-F antenna 
(PIFA), create the antenna resonance and couple radiative common mode 
currents at the edges of the chassis. A large part of the antenna element 
volume is “wasted” for creating the resonance [56]. Since the antenna 
element itself is not a significant radiator below 1 GHz, the volume occupied 
by the element can be decreased significantly by introducing non-resonant 
compact coupling-based antenna structures, whose principal function is to 
only couple radiative common mode currents at the edges of the chassis, 
[56], [57]. That is the reason why they are called compact coupling-based 
antennas. Since the coupling structure itself is non-resonant, the resonance 
of the antenna is created with a separate matching circuitry outside the 
coupling structure, see Section 2.1.3. The available impedance bandwidth 
typically stays at least the same although the antenna element can be made 
significantly smaller than, for instance, a PIFA. Therefore, in order to 
achieve the minimum volume of the coupling structure whilst providing 
sufficient bandwidth, one needs to exploit the chassis radiation by 
maximising the coupling to the chassis wavemode(s) [57].  
Different coupling structures can be categorised according to the way the 
coupling is done. The radiative common mode currents on the edges of the 
chassis can be created via electric or magnetic fields and/or using galvanic 
coupling, which all are well-known electromagnetic near-field phenomena. 
The coupling mainly via electric fields can be implemented with a 
capacitive coupling element [56], [57]. A galvanic feed can be created using 
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a direct feed across an impedance discontinuity, such as a slot, [53], [58], 
[IV]. An inductive coupling loop couples via magnetic fields [59]. In this 
thesis, capacitive coupling elements and direct feed antenna structures are 
to be studied, and inductive coupling loops are left for a future research 
topic. 
Non-resonant compact coupling-based structures have many possible 
advantages compared to traditional self-resonant mobile terminal 
antennas, such as PIFAs [57], [II]. One single element can be optimised to 
couple relatively strongly to the radiative chassis currents in a wide 
frequency band and thus the antenna can be matched at any selected 
frequency band with a suitable external matching circuitry. In principle, 
any available floating metallic pieces, for example, in the cover of the 
terminal, might be used as a “coupler”. In addition, multi-resonant 
operation and electrical frequency tuning can also be implemented rather 
easily in the matching circuitry, see Sections 2.2.1 and 2.2.2. Thus, it is 
possible that future’s mobile terminals have only a few antenna elements 
instead of several elements used in today’s terminals. That is the reason 
why such non-resonant coupling-based antennas are studied in this thesis. 
3.2 Effect of the terminal chassis on the operation of the 
antenna 
As is well known, the terminal chassis supports flat-dipole-type common 
mode current distributions and has certain resonant wavemodes. The 
characteristic mode theory provides a useful tool to study the radiation 
characteristics of the wavemodes of a plain chassis [60], [61]. It is possible 
to numerically calculate the resonant frequencies and the respective quality 
factors. In [62] the method was applied to analyse 100 mm × 40 mm solid 
thin mobile terminal chassis. The first four resonant frequencies of the 
wavemodes are at 1.26, 2.68, 2.74, and 3.08 GHz and the respective Q 
values are 2.3, 3.0, 2.5 and 2.3. The first two modes represent the major 
axis (long edge) half- and full-wave dipole modes. The third mode at 2.74 
GHz is the minor axis (short edge) half-wave mode and the fourth mode at 
3.08 GHz is the magnetic dipole mode. Especially, the major axis low-Q 
half-wave dipole mode plays an essential role as a radiator at lower UHF 
frequencies as it contributes at a broad band around the resonant 
frequency. In practice, the current distribution of the chassis at a given 
frequency is the superposition of these wavemodes. At certain frequencies 
between two wavemodes, for instance, major axis half- and full-wave 
modes, the currents of the wavemodes might be opposite in phase and they 
partly cancel each other. Thus, the chassis has an anti-resonance, in which 
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the Q value has a local maximum. An example will be shown in the next 
section. 
For different-sized chassis the resonant frequencies are scaled inversely 
proportionally to the length. Approximate formulas for the major axis half- 
and full-wave resonant frequencies are given in [56] 
 
l
c
f wavehalfr
2
78.073.0,  , and  (3.1) 
  
l
c
f wavefullr  85.083.0, ,  (3.2) 
where c is the speed of light in free space and l is the physical length of the 
chassis. The electrical length of the chassis is longer than the physical 
length due to the open-end extension. 
The characteristic mode analysis described above is based on applying a 
plane wave excitation on a plain chassis. However, an antenna like this does 
not exist alone. In mobile terminals a certain coupling structure is required 
to excite the radiative low-Q chassis wavemodes. A circuit-theoretical 
approach on the combined performance of a self-resonant mobile terminal 
antenna element and the chassis is presented in [56]. The separate 
wavemodes of the antenna element and the chassis are modelled with 
coupled resonators, which are further described by the respective resonant 
frequencies and Q values. It was shown that a traditional self-resonant 
antenna element like a PIFA contributes about 10% to the total radiated 
power at 0.9 GHz. The rest is radiated by the chassis wavemode(s). At 1.8 
GHz the contribution of the antenna element is much larger, about 50%. 
Especially, it was shown that even though the antenna element, or generally 
the coupling structure, is made practically non-radiating (very high Q 
value), the radiation of the chassis low-Q wavemodes makes it anyway 
possible to achieve large impedance bandwidths whenever the excitation of 
the chassis wavemode(s) is strong enough.  
Furthermore, the bandwidth maxima of antennas, which exploit the chassis 
as a radiator, are achieved at the resonant frequencies of the chassis 
wavemodes [63]. As the resonant frequency of the lowest order wavemode 
of the chassis (with dimensions 100 mm × 40 mm) is above 1 GHz (3.1), the 
resonant frequency of the chassis is thus not optimal from the bandwidth 
point of view, for instance, for the lower UHF-band digital television 
receiver (DVB-H). Therefore, one should also try, if possible, to tune the 
chassis resonant frequency to match the centre frequency of the intended 
radio system in order to maximise the bandwidth. The dimensions, 
especially the length, of the chassis affect also the specific absorption rate 
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(SAR) and the radiation efficiency. In [64] it has been shown that when the 
bandwidth reaches it maximum due to the resonance of the chassis 
wavemode, an increase in the head SAR and a decrease in radiation 
efficiency take place. Thus, the SAR values are significantly affected by the 
chassis wavemodes. 
3.3 Antennas with capacitive coupling element 
3.3.1 Basic concept and earlier antenna solutions 
The coupling method affects significantly the excitation of the chassis 
wavemodes and thus the impedance and radiation characteristics of the 
whole antenna. Different numerical studies on the effect of the coupling 
methods have been presented. In [57] a non-resonant small feed probe 
(very high Q value), which couples mainly capacitively through the electric 
fields, was used as a “coupler”. It was shown that in order to couple most 
strongly to the dominant chassis wavemode and thus achieve the lowest 
possible radiation quality factor, the capacitive coupler needs to be co-
located with the electric field maximum of the respective wavemode. 
Therefore, it is important to understand the current distributions and the 
reactive near fields of the chassis wavemodes described in the previous 
section. For the major axis wavemodes the electric field maxima are located 
at the short edges of the chassis, especially near the corners. Furthermore, 
the coupling can be made stronger by placing the coupler beyond the short 
edge of the chassis. The coupler can be bent over the edge of the chassis so 
that the surface of the CCE is perpendicular to the electric fields of the 
dominant wavemodes of the chassis [57], [62], see Fig. 3a. The 
equipotential surfaces in Fig. 3b show the optimal shape of the coupler. In 
[65] the same observations were confirmed with a small rectangular patch 
antenna mounted on a chassis. In addition, the coupler also affects the 
resonant frequencies of the wavemodes by tuning them downwards in 
frequency [65]. Generally, the characteristic mode theory can also be used 
to study the combined performance of the coupler and the chassis and the 
optimal location of the coupler relative to the chassis [62], [65]-[67]. 
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Fig. 3. a) Side view of the electric fields on the mid-point line of the short edge of a 
100 mm × 40 mm plain chassis at the major-axis half-wave mode, and b) the 
corresponding equipotential surfaces. The picture is from [62].  
The feasibility of such non-resonant capacitive coupling elements (CCE) for 
mobile terminal antennas was introduced in [56], and more 
comprehensively studied in [57]. Four prototypes, two at 0.9 GHz and two 
at 1.8 GHz, were designed, manufactured and measured. A comparison to 
reference PIFAs operating on the similar chassis at the same frequencies 
was performed. The results clearly showed that the size of the element is 
much smaller and the impedance bandwidth somewhat broader with CCEs 
than those with the reference PIFAs. The reason for the superior 
bandwidth-to-element-volume ratio of the CCE compared to the PIFA is 
that CCEs excite the dominant wavemode(s) of the chassis more strongly 
than the PIFAs. This happens obviously due to the fact that the PIFA does 
not couple optimally since the electric fields near the shorting pin are weak 
and thus the coupling is reduced [57]. The impedance bandwidth, specific 
absorption rate and radiation efficiency behaviour of CCE antennas at a 
wide frequency range were studied in the talk position with head and hand 
in [68], and in the vicinity of a large dielectric block in [69]. The results of 
[68] and [69] also suggest that the SAR and radiation efficiency of CCE 
antennas are strongly affected by the chassis wavemodes in the UHF band.  
Fig. 4a shows an example of a basic CCE antenna structure (a fully high-
conductivity metal structure) without the matching circuit which would be 
attached next to the CCE feed. In this thesis, the width of all CCEs is chosen 
to be equal to the width of the chassis since a narrower element would 
provide a smaller impedance bandwidth, especially at the lower UHF 
frequencies. On the other hand, the elements wider than the chassis would 
provide a larger bandwidth but they might be difficult to integrate into real 
terminals in practise. Differently shaped CCEs, such as the CCEs placed in 
the corners of the chassis, are also predefined outside the scope of this 
thesis. However, their operational principle is the same as in simple wide 
CCEs emphasised in this thesis. 
a) b)
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The fundamental input impedance of the unmatched antenna of Fig. 4a was 
simulated with a method of moments-based electromagnetic simulator 
IE3D [70], and it is shown on the Smith chart against 50-ohms reference 
impedance in Fig. 4b. The unloaded quality factor calculated from the 
fundamental input impedance using (2.2) is shown in Fig. 4c. The effect of 
the major axis wavemodes at 1.17 and 2.61 GHz can clearly be seen both in 
the input impedance and the unloaded quality factor. Due to the minima of 
the unloaded quality factor at 1.17 and 2.61 GHz, the impedance bandwidth 
maxima of the matched antenna would be achieved at the same frequencies, 
see (2.5). Between the half- and full-wave modes (at about 1.9 GHz), the 
chassis has the anti-resonance since the common mode currents of the half-
wave and full-wave modes partly cancel each other.  
 
Fig. 4. a) Basic capacitive coupling element (CCE) mounted on a thin mobile 
terminal chassis (dimensions in mm), with principal common mode current 
distributions of the two lowest-order major axis wavemodes of the chassis, b) the 
fundamental input impedance against 50-ohms reference impedance, and c) the 
unloaded quality factor (2.2) of the CCE chassis antenna as a function of the 
frequency.  
Fig. 5 shows the far-field directional pattern cuts of the CCE antenna of Fig. 
4a in free space. The patterns are given as the directivity (2.12) and the 
radial unit is dBi. At 1.17 GHz (half-wave of chassis) and below it (e.g., at 
0.50 GHz), the shapes of the patterns fully resemble that of a half-wave 
dipole antenna, “doughnut”. That is obvious since the common mode 
currents of the chassis are responsible for the main part of the radiation. 
The directivity to the direction of the main lobe is about 2 dBi which is also 
typical for dipole-type radiators. At 2.61 GHz (full-wave of chassis) the 
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shapes of the patterns resemble, to some extent, those of full-wave dipole 
antennas which feature two main lobes per hemisphere. However, due to 
the increased radiation of the CCE, the radiation is more directed to the 
upper hemisphere (maximum directivity about 5 dBi) than to the lower 
hemisphere (maximum directivity 2 dBi). At the anti-resonance of chassis 
(1.90 GHz), the directional pattern is some kind of combination of the 
patterns at 1.17 and 2.61 GHz.  
 
 
Fig. 5. Simulated far-field directional pattern cuts of the CCE antenna of Fig. 4a 
(directivity in dBi) in the a) azimuth plane (elevation angle 90o), b) elevation plane 
(azimuth angle 0o), and elevation plane (azimuth angle 90o). 
The presented CCE concept suits also for multi-band and/or frequency-
tuneable antennas by exploiting the modularity of the compact coupling 
structures [26], [71]. One single CCE can be used with a tuneable matching 
circuitry – the frequency tuning will be further handled in Section 3.3.4. An 
alternative option is to use separate CCEs (all including own matching 
circuits) for each frequency band [71]. A record-small quad-band antenna 
for GSM850/E-GSM/GSM1800/GSM1900 exploiting two separate CCEs 
with their feeds combined together into one single feed using a diplexer was 
proposed in [72].  
3.3.2 Equivalent circuits 
As was already discussed in Section 3.2, a circuit-theoretical approach on 
the operation of the combination of a self-resonant antenna and a mobile 
terminal chassis was presented in [56]. Furthermore, an equivalent circuit 
for a monopole antenna on a chassis was derived in [73]. Those two papers 
provide a general basis for a more-detailed circuit model proposed for 
single-CCE antennas in this thesis [I], see Fig. 6. All the three excited 
wavemodes of the CCE antenna (one from the CCE and two from the 
chassis, see also Fig. 4a) are modelled in the UHF band (0.3-3 GHz) which 
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makes the proposed model fairly broadband. The presented circuit model 
aims at an improved overall understanding of the operation of the CCE 
antennas: it gives a helpful physical explanation of the operation. In 
addition, it provides a useful circuit-theoretical tool for analysing the 
combined performance of the CCE and the terminal chassis, but it also 
helps in analysing how different parts of the structure contribute to the 
radiation and input impedance of the entire structure. 
 
Fig. 6. Equivalent circuit for the CCE antennas in the free space. 
Each of the excited wavemodes of the CCE and the chassis are modelled 
using an RLC resonator circuit, in which the resistors model the power 
“loss” by the radiation in the far field (and possible resistive losses in the 
antenna structure) and the reactive elements model the energy stored in the 
near fields. The combination of the wavemodes is modelled as a set of 
coupled resonators whose coupling to each other is modelled as an ideal 
transformer, an approach adopted from [56]. The parallel capacitor Cp in 
Fig. 6 is a parasitic component, which is required to satisfy the condition of 
zero impedance at infinite frequency for the CCE feed. The component 
values of the equivalent circuit are determined from the resonant 
frequencies and the respective unloaded quality factors of the wavemodes, 
and based on the comparison with the IE3D-simulated impedance of the 
antenna structure. All the component values, the resonant frequencies and 
quality factors of the resonators derived for the antenna Fig. 4a are shown 
in [I]. The principal impedance behaviour of the CCE antenna can be 
modelled with a good accuracy with the proposed circuit model, see Fig. 7a. 
Even though the circuit model and component values are derived for the 
particular structure shown in Fig. 4a, the same derivation procedure could 
be applied to other CCE structures with changed shape or dimensions, or 
additional excited wavemodes. The additional chassis wavemodes would be 
parallel RLC resonators placed in a cascade configuration, and the CCE 
wavemodes series RLC resonators in a shunt configuration. Further details 
of the antenna and the circuit model are explained in [I]. 
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Fig. 7. a) Comparison between the impedances seen from the CCE feed of the 
circuit model in Fig. 5 and the IE3D simulated CCE structure shown in Fig. 4a. b) 
The effect of the chassis wavemodes on the impedance, the calculations performed 
by the circuit model. 
 
Fig. 8. Percentage contribution of each wavemode to the total radiation losses of 
the circuit model. 
The proposed circuit model can be used to separate the effect of the CCE 
and chassis wavemodes on the impedance and radiation. The impedance 
calculated from the circuit model with and without the effect of the chassis 
wavemodes is shown in Fig. 7b. Firstly, the reactance behaviour is mainly 
determined by the CCE monopole mode. This is due to the fact that the Q 
value of the CCE is much higher than those of the chassis wavemodes. For 
the same reason, the resistance behaviour is mainly determined by the 
chassis wavemodes, especially in the lower UHF frequencies where the 
effective resistance of the CCE is very small. The contribution of each 
resonator to the radiation is also analysed. The percentage contribution of 
each wavemode to the total radiation “losses”, calculated by the equivalent 
circuit, is shown in Fig. 8. It can be seen that the overall contribution of the 
chassis wavemodes to the radiation is very significant. At the 1-GHz 
frequency range as much as 95% is radiated by the chassis wavemodes, and 
at the 2-GHz range the chassis still contributes at least 70%. Both values are 
0.5 1 1.5 2 2.5 3
0
2
4
6
8
10
12
14
16
18
20
Frequency [GHz]
R
es
is
ta
n
ce
 [
o
h
m
]
 
 
-400
-350
-300
-250
-200
-150
-100
-50
0
50
100
R
ea
ct
an
ce
 [
o
h
m
]
IE3D simulation
equivalent circuit
chassis 1  order wavemode
st
chassis 
2  
order 
wave-
mode
nd
0.5 1 1.5 2 2.5 3
0
2
4
6
8
10
12
14
16
18
20
 
 
-400
-350
-300
-250
-200
-150
-100
-50
0
50
100
R
es
is
ta
n
ce
 [
o
h
m
]
Frequency [GHz]
R
ea
ct
an
ce
 [
o
h
m
]
CCE without chassis wavemodes
CCE with chassis 1  wavemode
st
CCE with both chassis 
wavemodes
a) b)
0
10
20
30
40
50
60
70
80
90
100
0,5 1 1,5 2 2,5 3
Frequency [GHz]
CCE monopole 
mode
chassis 1  order 
wavemode
st
both chassis 
wavemodes
chassis 2  order 
wavemode
nd
45 
 
consistent with the results derived from the surface current integrals in 
[57]. In Section 4.2, the above-presented equivalent circuit will be further 
applied to study the effect of lossy dielectric material (such as the user) on 
the operation of CCE-based antennas.  
3.3.3 Implementation of broadband lower UHF-band receiving 
antenna – application example digital television receiver 
system 
A remarkable part of this thesis handles the implementation, design and 
analysis of lower UHF-band broadband receiving antennas based on the 
CCE concept [II], [VII]. The digital television receiver (DTV) system is 
used as an application example, but the design methods could be used also 
for other broadband systems operating in the UHF band, such as low-band 
LTE or the spectrum sensing of the cognitive radio [2], [74].  
The design strategies of the DTV antennas are discussed comprehensively 
in [II] and revised in Section 2.3.3. It was concluded that the total efficiency 
of the antenna can be decreased to a level which is just good enough to 
ensure a sufficient signal-to-noise ratio and in that way make the size of the 
antenna sufficiently small (Item 2 in Section 2.3.3). In addition, dual- and 
triple-resonant matching circuits will be applied in this thesis to achieve 
large enough impedance bandwidth (Item 3 in Section 2.3.3).  
By strengthening the coupling between the CCE and chassis wavemode(s) 
(kc1, kc2 in Fig. 6), a smaller radiation quality factor of the whole antenna 
can be achieved (Item 1 in Section 2.3.3). In order to maximise the coupling 
to the dominant chassis wavemode whilst minimising the overall size of the 
CCE, the CCE needs to be placed beyond the short edge of the chassis [57], 
[62]. In addition, the element should be bent over the shorter edge of the 
chassis so that the surface of the CCE is perpendicular to the electric fields 
of the dominant wavemodes of the chassis, see Fig. 3, Fig. 9a and compare 
also with Fig. 4a. The vertical part of the CCE could be further lengthened 
on the upper side of the chassis, see Fig. 9a, but that place is typically 
reserved for other components (such as connectors, buttons, 
microphone/earpiece, camera) in real terminals. 
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Fig. 9. a) CCE antenna structure used for digital television receiver, b) unloaded 
quality factor of the CCE antenna with the selected dimensions.   
Next, the optimal shape of the CCE in Fig. 9a with the dimensions l = 110 
mm, w = 48 mm, h = 10 mm, and d = 10 mm is studied. lCCE is a variable, 
whose value is 0, 5, 10 and 15 mm. The input impedance of the antenna 
structure with different lCCE is simulated with IE3D, and the respective 
unloaded quality factors based on (2.2) are shown in Fig. 9b. It can be seen 
that when lCCE = d (= 10 mm in this example), the smallest radiation quality 
factor and thus the largest impedance bandwidth can be achieved. The 
same result based on a similar antenna structure but with the dimension l = 
135 mm, w = 75 mm, h = 4 mm, and d = 5 mm is presented in [28]. It seems 
that lCCE = d gives both the smallest radiation quality factor and minimises 
the volume of the CCE (lCCE = 0 mm would not give any smaller CCE size 
since, in principle, the whole empty space between the CCE and the chassis 
needs to be reserved for the antenna). Thus, such CCEs are used in this 
thesis for DTV antennas. Further decrease in the radiation quality factor 
can be achieved by increasing the size of the CCE – i.e., increasing d and/or 
h. Generally, the optimal shape of CCE needs to be studied separately for 
each CCE and chassis combination at the frequency bands used. 
A DTV antenna prototype in a tablet-size terminal was presented in [II]. 
The CCE structure was similar to Fig. 8a with the dimensions l = 135 mm, w 
= 75 mm, h = 4 mm, and d = lCCE = 5 mm, see Fig. 10a. Note that in this 
thesis the “tablet-size” terminal does not refer to today’s “finger computers” 
whose size is about 250 mm x 200 mm [length x width]. The prototype 
fulfills the realised gain specification (see Section 2.3.3) with at least a 3.5-
dB margin at 0.47-0.75 GHz in free space, see Fig. 10b. The matching across 
the DTV band is at least 2 dB in terms of return loss, see Fig. 11. The 2-dB 
return loss instead of the typical 6 dB is acceptable firstly due to the fact 
that the antenna is used in reception only, detailed reasons are stated in 
[II], see also Section 2.2.3. Secondly, the implementation losses introduced 
by the other parts of real terminals such as printed circuit board (typically 
FR4), plastic covers, display, battery, earpiece, and microphone, will cause 
additional losses (typically in the order of 3 dB [46], [75], [76]) and hence 
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improve the matching level. Thus, the above-presented 3.5-dB realised-gain 
performance margin to the specification is justifiable in the simplified 
antenna prototype, which has only losses from the low-loss PCB substrate 
(Rogers/Duroid [77]), metal structures and the matching circuit (Murata’s 
chip coils and capacitors [78]). It can be concluded that it is relatively easy 
to implement a sufficiently small CCE having required realised gain 
performance in tablet-size terminals which enable also relatively large 
display and are thus fairly popular today. The far-field directional pattern, 
demonstrated also in [VII], is similar “doughnut” that was shown in Fig. 5 
at 0.5 GHz.  
 
Fig. 10. a) Photograph of the tablet-size DTV antenna prototype, and b) simulated 
and measured realised gain of the prototype. 
 
Fig. 11. Simulated and measured return loss of the tablet-size DTV prototype a) in 
the Cartesian coordinate system and b) on the Smith chart. 
The implementation of DTV antennas in smaller-size terminals is possible 
as well. However, decreased dimensions, especially the length l, of the 
chassis increase the resonant frequency of the first-order wavemode of the 
chassis (3.1). Thus, the contribution of the chassis to the total radiation 
resistance at the given frequency band (0.47-0.75 GHz) decreases. That can 
be understood from Fig. 7ab. Hence, the decrease of the radiation 
resistance decreases the overall performance (efficiency/realised gain) of 
the antenna (2.7), (2.8), (2.9), (2.11), and (2.14).  Thus, in order to maintain 
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the performance of the antenna, the decrease of the total radiation 
resistance needs to be compensated by further increasing the coupling (kc1 
in Fig. 6) and/or by decreasing the radiation quality factor of the CCE 
monopole mode (basically Rmm increase in Fig. 6). Hence, the size of the 
CCE has to be increased – i.e., d and/or h of the CCE have to be increased, 
see Fig. 8a. The limits for the size of the CCE for different-size terminals 
were systematically studied in [II]. The study is performed with a lossless 
antenna structure and ideal matching circuit components since with 
realistic components the comparison of the CCE size between different-
sized terminals would not be consistent and fair. The 3-dB margin to the 
realised gain specification was still reserved for compensating the 
implementation losses of a real terminal, as described earlier in this section. 
The EM-simulated results in [II] indicate that when exploiting optimal 
triple-resonant matching circuit (five components), relatively thick (h = 9-
14 mm, see Fig. 9a) CCEs are required in today’s typical-size (l = 110 mm, w 
= 48 mm, and d = lCCE = 5-10 mm) terminals. Thus, it is very challenging to 
meet the required realised gain including the 3-dB margin in typical-size 
terminals with thin and small CCEs. In order to make the CCE thinner 
(smaller h) without further increasing the distance d, the performance of 
the antenna has to be slightly sacrificed. For example, it was shown that in 
the above-discussed typical-sized terminal, 3 mm thinner CCE (from 9 mm 
to 6 mm) is possible with only 0.3 dB sacrifice of the realised gain margin.  
In order to demonstrate the realistic operation of such DTV antennas, a 
simulated design including realistic (lossy) triple-resonant matching circuit 
components was presented in [II]. The dimensions of the design are l = 110 
mm, w = 48 mm, h = 6 mm, and d = lCCE = 10 mm. The DTV antenna design 
has at least 2.8 dB return loss matching, at least 2.5 dB margin to the 
realised gain specification, and a minimum of 22 dB isolation to the CCE-
based E-GSM antenna mounted on the same chassis. This design is 
considered to be a good compromise between the size of the CCE and the 
performance of the whole antenna. It was also noticed that the realised gain 
of the DTV antenna is slightly improved (about 0.5 dB) by the presence of 
the E-GSM antenna. That is due to the fact that the CCE of E-GSM 
lengthens the electrical length of the chassis (as explained in Section 3.3.1) 
and thus the half-wave resonant frequency is tuned to a lower frequency 
causing a slight increase in the radiation resistance of the DTV antenna 
(that can be understood based on Fig. 7a). Furthermore, the increased 
radiation resistance improves the total efficiency (2.7) and thus the realised 
gain (2.14).  
49 
 
The results of [II] also show that since the effective radiation resistance of 
CCE antennas is rather low at the frequencies below the first-order 
wavemode of the chassis (see Fig. 7a), the resistive losses (typically a few 
ohms of magnitude) in the matching circuit affect relatively much the 
radiation efficiency (2.7). Thus, it is very important that the losses of the 
matching circuit components are modelled realistically with the S 
parameters of real components from the very beginning of the real design 
process of CCE antennas. 
Another issue that has to be taken into account is the interoperability 
between the antennas, see also Section 2.3.1. Especially, the antennas 
operating in the lower UHF band have inherently low electromagnetic 
isolation (concept introduced in [79]) due to the strong coupling through 
the half-wave mode of the chassis [II]. In the above-presented design, the 
total isolation between the DTV and E-GSM antennas is anyway at least 22 
dB but it is mainly maintained by the matching circuits which operate also 
as filters since the systems have certain frequency separation – i.e., the 
electromagnetic isolation between the antennas is only a couple of decibels 
in magnitude. However, this 22 dB is not enough according to the DVB-H 
specification (61 dB is required) [42], [43]. Thus, one of the future’s 
important research topics is to study methods how to provide a large 
enough isolation between the antennas. This requires the optimisation of 
the antenna elements (better electromagnetic isolation) and the circuit 
technology (better filtering with small enough insertion loss). Possible 
means are the relocating/reshaping of the CCEs, neutralisation lines and 
filters (e.g., SAW technology). The issue is further elaborated in [II]. 
CCE-based DTV antennas have also aroused interest among industrial 
antenna manufacturers, such as Pulse Engineering, who have implemented 
their own internal DTV antenna based on the CCE antenna concept [80].  
3.3.4 Tuneable antennas based on capacitive coupling elements 
The motivation for tuneable antennas is that it is very challenging to 
implement resonant-type antenna elements (such as PIFAs or IFAs) for 
each of the frequency bands required in the multi-system handheld devices 
of the future. In addition, the upper limit of the available impedance 
bandwidth is approached with the studied passive CCE antenna structures 
in the lower UHF band. Thus, the possibility to cover separate frequency 
bands and/or large virtual impedance bandwidths based on a single 
frequency-tuneable antenna element is a very tempting option. The 
capacitive coupling element concept with tuneable matching circuitry suits 
especially well for the implementation of frequency-tuneable antennas [26]. 
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Since the CCE is non-resonant (see Fig. 4) and the resonant frequency of 
the antenna is chosen with a matching circuit, a tuneable antenna based on 
one single CCE can be implemented, in principle, rather easily by using an 
adaptive matching circuitry. As is presented in Section 2.2.2, the typical 
ways to implement an adaptive matching circuitry are to use either a) 
electrically adjustable tuning component(s), such as a varactor, in a part of 
the matching circuit, or b) switching between separate parallel matching 
circuits, see the general tuning-circuit topologies in Fig. 12.  
 
Fig. 12. General tuning-circuit topologies for frequency-tuneable CCE antennas 
based on a) electrically adjustable tuning component(s) in a part of the matching 
circuit, and b) switching between parallel matching circuits. 
To the author’s knowledge, the first tuneable CCE-based antenna structure 
was introduced in [28], where a broadband lower UHF-band digital 
television antenna was implemented. The prototype consists of two parallel 
matching circuits (each for adjacent lower and upper sub-bands) and two 
SPDT PHEMT GaAs semiconductor RF switches, see the general topology 
in Fig. 12b. Even though the DVB-H realised gain specification was just 
fulfilled, the matching and realised gain measurements revealed several 
practical problems, such as poor isolation of the OFF-branch and relatively 
high losses of the RF switches, and unexpected impedance behaviour of the 
antenna. A presumable reason for these problems was that the RF switches 
were placed in a non-50-Ω impedance environment, which is typical for 
CCE antennas (see Fig. 4), but far from optimal for RF switches that are 
typically intended to operate in a 50-Ω impedance environment. Thus, it is 
very important to pay attention to the load impedance where the switch is 
attached to. A similar two-stage tuning concept was designed with 
simulations in the 0.9-GHz band in [27].      
The first systematic study on the implementation of tuneable CCE-based 
antennas was presented in [29], [30]. A dual-band operation at 0.9 and 1.8 
GHz frequency bands was demonstrated based on one CCE, two parallel 
matching circuits and two SPDT PHEMT semiconductor RF switches – see 
the general tuning-circuit topology in Fig. 12b. Methods to optimise the 
losses in the tuning circuit were studied. However, the switches caused 
relative large losses (about 2 dB), especially in the switch next to the CCE 
(switch 1 in Fig. 12b). In addition, the tuning circuit was not at all optimised 
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from the distortion point of view, and thus the measured IMD3 
(intermodulation distortion of the third harmonic) was as high as -13 dBc at 
0.9 GHz (two-tone test, 30 dBm/tone).   
The systematic loss and distortion studies of the semiconductor switch-
based tuneable CCE antennas were continued in [III]. The reason for 
relatively large losses in the switch directly next to the CCE (see Fig. 12b) is 
that the effective radiation resistance Rrad of the unmatched CCE is typically 
relatively small, see Fig. 7a, and since the semiconductor switch introduces 
a loss resistor Rloss, typically a few ohms of magnitude, the radiation 
efficiency decreases significantly (2.7). Thus, the low-resistance 
environment is not optimal from the losses point of view. The improvement 
in the radiation efficiency requires either better switches (lower ohmic 
losses) or placing the switch in a high-resistance location. The latter can be 
implemented by manipulating the impedance of the CCE antenna. For 
example, the effective resistance of the CCE was manipulated (or rather 
optimised) with a parallel inductor in [29], [30]. However, the optimal 
impedance environment is rather challenging to implement at several 
frequency bands at the same time.   
The tuning circuit cannot be optimised from the losses point of view only. 
When the distortion of a semiconductor switch is taken into account, it 
shows that the high-resistance (or generally high-impedance) location is 
not optimal either. It has been suggested already in [18] and systematically 
studied in [III] that there is a strong correlation between the load 
impedance of a semiconductor RF switch and the distortion: the higher the 
on-port impedance (i.e., voltage) of the switch is, the higher is the 
distortion. Concluding the discussion above, there is obviously a trade-off 
between the losses and distortion caused by the semiconductor RF switch. 
In [III] the above-discussed problem was avoided by totally omitting the 
switch next to the CCE. It was demonstrated that the lossy, non-linear 
semiconductor RF switch (switch 1 in Fig. 12b) is possible to replace with 
passive reactive components, which comprise a filter between the parallel 
matching circuits, without loss of performance. Actually, the efficiencies 
were improved up to 20%-units and the IMD3 up to 36 dB at 0.9 GHz 
compared to the two-switch prototype in [30]. Generally, a similar topology 
could be applied to any pair of frequency bands, which have just sufficient 
relative frequency separation.  
Later in [81], a two-switch tuning circuit (see Fig. 12b) was implemented 
based on micro-electro-mechanical-system (MEMS) technology. The ohmic 
losses were demonstrated to be on the same level as in the antenna in [III], 
where only one semiconductor RF switch was used, but the linearity 
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properties of the MEMS switches were superior compared to the 
semiconductor-switch implementations. However, it is a well-known fact 
that the RF MEMS switches need still to be improved in terms of the costs 
and reliability before they can be used in commercial mobile terminals [82], 
[83]. In addition, a MEMS-switched tuneable mobile terminal antenna is 
introduced in [84].      
The general design aspects of “continuously” frequency-tuneable CCE 
antennas based on an electrically adjustable tuning components as a part of 
the matching circuit (see Fig. 12a) were presented in [46]. However, 
practical implementation of the tuneable matching circuit was not 
proposed. In [25], [85] and [86], wideband frequency tuning of CCE 
antennas in the UHF band was implemented based on a variable 
capacitance, but the practical implementation with a varactor was still 
omitted. In [24], a continuously tuneable lower UHF-band receiving 
antenna, for instance, for digital television reception, was implemented 
based on varactors in a part of the matching circuit. The practical 
implementation with proper distortion analysis was also presented. 
In [87], an antenna consisting of a CCE and several parallel matching 
circuits was implemented on a low-temperature co-fired ceramic (LTCC) 
component. Unfortunately, the switching between the matching circuits 
was not yet implemented. 
Concluding all the discussions above, it is obvious that the tuneable CCE-
based antennas can provide a wide tuning range in the UHF band. The 
challenges with losses and distortion of the semiconductor components set 
practical limitations to the implementation of frequency-tuneable antennas. 
In future, the expected development of the tuning components, such as 
MEMS switches, semiconductor switches and varactors, enables improved 
feasibility of the frequency-tuneable antennas. This would make possible 
that instead of several separate antenna elements, the handheld 
multisystem radios of the future might include only a couple of frequency-
tuneable antenna elements (possible CCEs) for several required frequency 
bands [1].  
3.4 Antennas with direct feed 
3.4.1 Basic concept and review on existing solutions 
The basic idea behind the direct feed antennas is to galvanically excite the 
radiative common mode currents of the chassis wavemode(s). This way the 
coupling to the chassis wavemode(s) becomes relatively strong as well as 
the volume occupied by the “antenna” might decrease fairly much. Very 
strong coupling could be achieved by splitting the chassis in the middle into 
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two parts and then feed the antenna between the parts, such as studied in 
[88]. However, the chassis cannot be easily separated into two parts. 
Hence, the feed is implemented over an impedance discontinuity, such as a 
slot (with a strip connecting two parts), see the example in Fig. 13a.  
The IE3D-simulated fundamental impedance of the direct feed antenna of 
Fig. 13a is shown in Fig. 13b. Such as in the case of CCE antennas, the 
matching at the selected frequency band can be done with an external 
matching circuit attached to the feed. The coupling to the chassis 
wavemodes is created through the transmission-line-type (or differential 
mode) wavemode of the slot. The effect of the half- and full-wave chassis 
major axis modes can be seen in the input impedance at 1.2 and 2.6 GHz 
(compare with the impedance of the CCE-based antenna in Fig. 4b). The 
strong resonance at 3.1-3.2 GHz is the major axis one-and-a-half wavemode 
of the chassis. The principal current distributions at the chassis resonant 
frequencies are shown in Fig. 14. The minor axis wavemodes are not excited 
since the orientation of the slot and the feed cannot effectively excite the 
common mode current distributions of the minor axis of the chassis. The 
slot itself does not remarkably contribute to the radiation since the 
transmission-line-type currents, which are very close to each other in 
wavelengths, flow to opposite directions and their effect is thus cancelled in 
the far field. On the other hand, the slot resonates when its electrical length 
is a quarter-wavelength (at about 1.8 GHz) but at that frequency its 
impedance is very high [89]. The chassis has also the anti-resonance 
around 1.8 GHz and thus the whole direct feed antenna structure has the 
anti-resonance at about 1.8 GHz, see Fig. 13b. 
 
Fig. 13. a) Basic direct feed (DF) structure and b) its IE3D-simulated impedance on 
the Smith chart with different d.  
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Fig. 14. Principal current distributions of the basic direct feed structure at the 
resonant frequencies a) 1.2, b) 2.6 and c) 3.1 GHz of the chassis.  
As in the case of CCE antennas, the location of the feed significantly affects 
the excitation of the chassis wavemodes of the direct feed antennas, and 
thus it affects also the available impedance bandwidth of the antenna. The 
strongest coupling to the half-wave mode at 1.2 GHz (and consequently the 
smallest radiation quality factor) takes place when the feed is placed in the 
mid-point of the major axis (d = 50 mm). In Fig. 13b that can be seen from 
the size of the “loop” at 1.2 GHz, indicating that the strongest coupling 
(largest loop) to the half-wave mode is achieved when d = 50 mm. Instead, 
in the case of d = 10 mm, only a small “dip” indicating lower coupling can 
be noticed. The reason for this is the electric current distribution of the 
chassis: the current maximum of the half-wave mode is located in the mid-
point of the major axis, see Fig. 14. The coupling is low to the full-wave 
mode at 2.6 GHz when d = 50 mm (no loop/dip at 2.6 GHz) and to the one-
and-a-half wave mode when d = 30 mm. The explanation is the 
minimum/zero of the current distribution, see also Fig. 14.  
Since the height of the direct feed structure is extremely low, the antenna 
suits, in principle, especially well for low-profile platforms. The direct feed 
would also suit particularly well for mobile terminals which “naturally” 
contain a slot. For example, in clamshell/folder terminals there is a slot 
between the lower and upper parts and thus, the direct feed antenna might 
be implemented across the slot. The feed and strip can be implemented 
within the hinges. 
One challenge in the direct feed antennas is that a floating metallic patch, 
such as the display or battery, above the feeding slot introduces a large 
capacitance across the slot, and thus the unloaded quality factor increases 
and consequently the impedance bandwidth decreases. The effect of the 
metallic patch placed above the feeding slot of a direct feed antenna is 
studied in [90]. A short circuiting of the patch further decreases the 
bandwidth. However, when the short circuits at selected locations were 
replaced with inductors, which still provide DC grounding of the patch, the 
loss of the bandwidth due to the metallic patch is possible to partly recover. 
Concluding the discussions above, a metallic patch covering the slot can be 
made possible by partly sacrificing the impedance bandwidth of the 
antenna.   
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feed
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Another challenge is increased specific absorption rate values compared to 
antennas based on an actual antenna element, such as PIFA or CCE. It is 
well-known that the SAR values of mobile terminal antennas are strongly 
affected by the chassis wavemodes in the UHF band [64], [68], [69]. Since 
the direct feed antennas have relatively strong coupling to the chassis 
wavemodes and especially strong electric fields across the slot, the local 
SAR values can be expected to increase compared to CCE antennas. That 
might be one reason why the direct feed antennas have not yet been widely 
introduced in commercial mobile terminals. However, the high local SAR 
might not impede receiving antennas. 
Several research teams around the world have studied direct feed concept 
independently at the same time. The direct-feed principle was introduced 
by a Spanish research team in [91]. A very wideband operation in the UHF 
band was possible by strong excitation of the chassis wavemodes. A 
research team in Taiwan introduced their direct feed antenna for clamshell-
type terminals in [53]. The application example is lower UHF-band digital 
television receiver. A sort of direct feed antenna is introduced by a German 
research team in [92]. Even though they call the concept “inductive 
coupling”, the operational principle is greatly the same as in the direct feed 
antennas introduced above. The application examples are for 1- and 2-GHz 
cellular systems and a lower UHF-band digital television receiver. The 
direct feed-based antenna structures introduced by the research team of the 
author of this thesis are presented in articles [IV], [V] and shortly 
introduced in this chapter. A very wideband direct feed antenna for mobile 
terminals is introduced by a Chinese researcher as well [93], [94].  
A similar antenna to the one shown in Fig. 13a (with d = 50 mm and 
lumped-element L-section matching circuit to match the antenna around 
0.9 GHz), designed and built by the author of this thesis, won the “Small 
Antenna Contest” (organised by the European antenna research community 
“Antenna Center of Excellence” ACE) in the single-band antenna category 
in 2007 [95]. The antennas were ranked by the total efficiency across 0.88-
0.96 GHz. The total efficiency of the winning antenna prototype is better 
than 74%. 
3.4.2 Implementation of broadband lower UHF-band receiving 
antenna – application example digital television receiver 
system 
The implementation of a broadband lower UHF-band receiving antenna 
based on the direct feed for a tablet-size terminal is studied and 
demonstrated in [IV]. As was presented in the previous section, the most 
optimal place of the feeding slot from the impedance bandwidth point of 
56 
 
view would be in the mid-point of the major axis of the chassis. In this case, 
we prefer to allocate the middle of the terminal for the display, not the 
feeding slot, see Fig. 15. Another slot on the chassis is introduced to 
lengthen the current path and thus decrease the resonant frequency of the 
half-wave mode of the chassis. This is useful from the impedance 
bandwidth point of view, as it was told in Section 3.2. In a case where the 
distance between the slots is 70 mm, the half-wave mode resonance is at 
0.675 GHz. The display and battery can be placed between the slots and 
thus they do not significantly affect the operation of the antenna. A method 
how to avoid the use of another slot (and consequently enable the use of a 
larger-size display) will be presented in the next section. 
 
Fig. 15. Direct feed-based broadband lower UHF-band receiver antenna. 
 
Fig. 16. Simulated and measured reflection coefficient a) in the Cartesian 
coordinate system and b) on the Smith chart, and c) simulated and measured 
realised gain.  
The reflection coefficient of the antenna structure is shown in Fig. 16ab. As 
can be seen, at least about 1.5-dB return loss is achieved across the DTV 
band 0.47 - 0.702 GHz (when this prototype was designed, the DTV band 
was limited up to 0.702 GHz if E-GSM was used in the same terminal). The 
justifications for the moderate matching level are given in Section 3.3.3 and 
[II]. Although the matching circuit becomes single-resonant, the frequency 
response of the reflection coefficient is dual-resonant due to the chassis 
wavemode at 0.675 GHz. However, one can see from the Smith chart 
presentation in Fig. 16b that the dual-resonant operation is far from 
optimal [96]. The main problem is that instead of having the optimal 
double loop around the Smith chart centre, there is only a small dip at 
0.675 GHz indicating clearly too weak coupling to the chassis wavemode 
(compare with Fig. 11b). The reason for that is the location of the feed slot 
far away from the optimum location, the middle of the chassis. The second 
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problem is that the resonant frequency of the chassis wavemode (at 0.675 
GHz) is not equal to the centre frequency of the DTV band (0.586 GHz). 
Nevertheless, the performance of the antenna is very good, 4 dB above the 
realised-gain specification, see Fig. 16c. When comparing to the 
corresponding CCE antenna in Section 3.3.3 (Fig. 10 and Fig. 11), both the 
antennas can provide roughly the same realised-gain performance. The 
directional pattern is a dipole-type doughnut since the half-wave mode of 
the chassis is the main radiator. The advantage of the direct feed solution 
over the CCE is the zero-height structure but the challenge is the need for 
the slot(s). Further studies, for example, on the user hand effect of this 
direct feed antenna are performed in [97], [98]. 
A lower UHF-band direct feed antenna (with only one slot) for an open 
clamshell/folder terminal is simulated in [97]. With the lossless antenna 
structure, whose overall size in the open position is 165 mm × 40 mm 
[length × width], the performance margin to the realised-gain specification 
is at least 6 dB. The reason for the improved performance compared to the 
antenna in Fig. 15 is a clearly longer chassis (165 mm versus 130 mm) which 
is especially useful below 1 GHz, see Section 3.2. 
3.4.3 Optimised direct feed 
The motivation for the “optimised direct feed” is to try to maximise the 
impedance bandwidth of a mobile terminal antenna whilst the size of the 
“antenna” is minimised. As it was described in the previous section, the 
operation of the antenna of Fig. 15 was not optimal from the bandwidth 
point of view. Thus, the resonant frequency of the chassis could be 
decreased by introducing more slots in the chassis. However, the use of 
additional slots may not always be feasible since the printed circuit area is 
needed for the electronics. Secondly, conductive elements (such as display 
and/or battery) above the slots complicate the operation of the antenna, as 
explained in Section 3.4.1. Instead of using additional slots, it is proposed in 
[99], [V] to replace the strip of the feeding slot with an inductor in order to 
tune the resonant frequency of the chassis to the operating frequency band, 
see Fig. 17a. The inductor still provides the DC grounding between the 
segments of the chassis. In the optimal case the inductor value L is chosen 
so that the resonant frequency of the combination of the feed structure and 
chassis equals the centre frequency of the operating band. The coupling 
between the feed structure and the chassis dominant wavemode can be 
optimised by modifying the length l of the feed structure [99], [V], see Fig. 
17a. The studied antenna concept enables very broad impedance 
bandwidths, especially in the lower UHF band, see Fig. 18. The antenna 
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presented in the previous section (Fig. 13) could also be further optimised 
based on the principle introduced in this section.  
 
Fig. 17 a) Principle of the optimised direct feed, and b) a sketch of the dual-band 
prototype antenna. 
 
Fig. 18. Effect of the length l of the feed structure of the antenna in Fig. 17a on the 
matching a) in the Cartesian coordinate system and b) on the Smith chart. 
A dual-band (lower band at 0.8-1 GHz and upper band at 1.7-2.1 GHz) 
antenna prototype for mobile terminals was designed, built, and measured 
in [V]. The antenna functionality for the lower band was implemented using 
the optimised direct feed structure and for the upper band using capacitive 
coupling element, see Fig. 17b. The prototype has excellent matching and 
radiation efficiency at all bands. In addition, the bandwidth of the upper 
band could easily be broadened with a multi-resonant matching circuit. 
However, the drawback of the optimised direct feed antenna is clearly 
increased (27%) specific absorption rate and lower radiation efficiency in 
the talk position compared to the CCE-based antenna (similar to shown in 
Fig. 4a). Especially, the high SAR is concentrated in the vicinity of the 5.6-
nH inductor. However, one should note that the prototype was optimised 
from the bandwidth point of view only, and thus the optimisation of the 
SAR is an interesting research topic in the future. The directional pattern of 
the antenna at 0.9 GHz is a dipole-type doughnut since the half-wave mode 
of the chassis is the main radiator. 
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4 User interaction of compact 
coupling-based antennas 
4.1 General 
It is a well-known fact that lossy dielectric material (such as a user) within 
the reactive near fields, which typically extends to a distance of λ0/2π from 
the surface of a small antenna, affects the matching, efficiency and 
directional pattern of a mobile terminal antenna [100]-[107]. This is a very 
important research topic because the phenomenon is not yet 
comprehensively understood. In addition, mobile terminals are almost 
always used in the close vicinity of the user and thus the effect of the user 
needs to be taken into account in the design of the antennas as well as in the 
design of the respective radio system. However, the complete ”removal” of 
the user effect phenomenon is challenging because it takes place within the 
inherent reactive near fields, and on the other hand it is impossible to 
totally eliminate the near fields since otherwise the antenna would not 
radiate. 
Fig. 19 shows a measured example which relates to the effect of a lossy 
dielectric cube on the input impedance of a matched capacitive coupling 
element (CCE) antenna of Fig. 4a. The cube is placed in three different 
positions with respect to the antenna at a 3-mm distance from the 
structure, see Fig. 19a. At 0.95 GHz the outer boundary of the reactive near 
fields extends to about 50 mm (λ0/2π) from the surface of the antenna and 
thus the cube is clearly within the near fields of the antenna. It can be seen 
that the resonant frequency of the antenna can either increase, decrease or 
stay roughly the same depending on the location of the dielectric cube, see 
Fig. 19b. This phenomenon will be further studied in Section 4.2. The user 
hand effect on the CCE-based broadband lower UHF-band receiving 
antenna (see Fig. 10) will be studied in Section 4.3. The methods for 
compensating the effect of the user will be discussed as well. 
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Fig. 19. a) Dielectric cube placed in three different locations around the prototype 
antenna of Fig. 4a, and b) the measured reflection coefficient of the antenna 
matched in free space at 0.95 GHz when loaded by the dielectric cube. Dimensions 
are in mm. 
On the other hand, it is not only the user who affects the antenna, but also 
vice versa: the reactive near fields can affect the user. The specific 
absorption rate (SAR) is used to measure the power absorption by the 
human tissue, see Sections 2.1.4 and 2.3.1. The strong reactive near fields of 
the antennas can also cause electromagnetic compatibility problems, for 
example, by disturbing the operation of the hearing aid of the user [16]. 
Thus it would be very important to be able to control the reactive near fields 
of the antennas without worsening the far-field radiation properties. The 
methods how to modify the near fields of mobile terminal antennas will be 
discussed in Section 4.4. 
4.2 Wavemode modelling-based analysis 
There are several papers studying the impedance and efficiency variations 
of mobile terminal antennas in the presence of the user. For example, in 
[103] it has been shown that lossy dielectric material close to the antenna 
element (PIFA) is a much greater problem than the same material close to 
the chassis. The same conclusion can be drawn also from Fig. 19. In 
addition, it has been shown that the fundamental impedance of the antenna 
becomes more resistive and inductive due to the presence of lossy dielectric 
material [103], [105], [VII]. The impedance variations of the antennas have 
been well-described but the detailed explanations of the behaviour of the 
antenna impedance have not been given before. That will be done in this 
section and [VI]. 
It has been presented in [VI] that a better qualitative understanding of the 
behaviour of the antenna impedance and efficiency due to the dielectric 
material placed into the reactive near fields of the antenna can be obtained 
by applying a coupled resonator-based equivalent circuit model of a CCE-
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based mobile terminal antenna (see Section 3.3.2), with modelling the user 
body effect separately for each wavemode of the circuit model. Even though 
measurements and EM simulations have a great importance in the user 
body effect studies, the proposed circuit-theoretical study separates the 
analysis into smaller parts enabling profound understanding of the 
impedance and efficiency variations caused by the presence the dielectric 
material in the reactive near fields of the antenna.  
The effect of the dielectric material placed into the reactive near field of the 
CCE-based mobile terminal antenna is modelled by introducing additional 
parasitic components to each RLC resonator of the circuit model shown in 
Fig. 6 in such a way that certain realistic changes of the resonant frequency 
and quality factor are implemented. The decrease of the resonant frequency 
of each wavemode can be implemented with a parasitic capacitor Cu placed 
parallel to the free space capacitor of the RLC resonator circuits, see Fig. 20. 
The Q value of each resonator at the resonant frequency can be controlled 
by introducing a parasitic resistor Ru. The detailed explanations of the 
modifications of the resonator circuits are given in [VI]. The component 
values of the additional components can be determined based 
electromagnetic simulations or in some cases with the help of the 
perturbation theory [106]. 
 
Fig. 20. Modification of the RLC resonator circuits of CCE monopole mode and 
chassis wavemodes due to lossy dielectric material placed into the near fields of the 
respective wavemode. Q0 is the new unloaded quality factor of the respective 
wavemode. 
The effect of lossless dielectric material close to the chassis on the 
fundamental impedance variations of the unmatched CCE antenna is 
studied. For example, this condition corresponds to the case when the 
user’s palm is located in the (open) end of the chassis. The total resistance 
and reactance (without the matching circuit) derived from the equivalent 
circuit model by applying Cu,c1 and Cu,c2 (thus fr,c1 and fr,c2 decrease) are 
shown in Fig. 21. The “perturbed” resistance and reactance are compared 
with those in the free space. Since the resistive losses are not included, the 
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total resistance can be considered to represent only the “losses” due to the 
radiation.  
 
Fig. 21. Effect of the shift of the resonant frequencies of the chassis wavemodes on 
the total a) resistance and b) reactance of the circuit model. 
Firstly, it can be seen in Fig. 21a that the decrease of each resonant 
frequency of the chassis wavemodes has a significant influence on the total 
resistance behaviour. This happens because the total resistance of the CCE 
antenna is mainly dictated by the chassis wavemodes in the UHF band, see 
Fig. 7b. Especially, the total radiation resistance significantly increases 
below 1 GHz, i.e., at the frequencies below the half-wave mode of the 
chassis. Possible benefits of this phenomenon on the matching and 
efficiency will be handled in the next section. Secondly, the total reactance 
in Fig. 21b is significantly affected only around the resonant frequency of 
the first order chassis wavemode (at the 1-GHz range). This happens 
because the reactance of the CCE mainly determines the total reactance 
behaviour of the antenna, and the chassis wavemodes can thus affect the 
reactance only around the chassis resonances, see Fig. 7b again.  
Next, the effect of the lossless dielectric material loading the CCE monopole 
mode is investigated. That condition can take place when the user’s finger 
or hand is close to the CCE. The total resistance and reactance of the circuit 
model of Fig. 20 after applying Cu,mm are shown in Fig. 22. Contrary to the 
results of the previous paragraph, the decrease of the fundamental 
frequency fr,mm of the CCE monopole mode has a relatively large influence 
on the total reactance behaviour in the whole UHF band. The explanation is 
the same as in the previous section: the CCE reactance dictates the total 
reactance of the whole antenna. It can also be noticed that the impedance 
always changes to the inductive direction when the CCE monopole mode is 
loaded, as described also in [103]. Since the reactance increases 
significantly, it can be expected that the resonant frequency of a matched 
antenna would decrease correspondingly.  
0.5 1 1.5 2 2.5 3
0
2
4
6
8
10
12
14
16
18
20
Frequency [GHz]
R
es
is
ta
n
ce
 [
o
h
m
]
0.5 1 1.5 2 2.5 3
-250
-200
-150
-100
-50
0
50
100
Frequency [GHz]
R
ea
ct
an
ce
 [
o
h
m
]
a) b)
free space, = =0 pFC Cu,c1 u,c2
Cu,c1 = 3 pF, Cu,c2 = 5 pF
Cu,c1 = 6 pF, Cu,c2 = 10 pF
Cu,c1 = 9 pF, Cu,c2 = 15 pF
fr,c1
fr,c2
decrease of
total reactance
63 
 
 
 
Fig. 22. Effect of the shift of the fundamental frequency of the CCE monopole mode 
on the total a) resistance and b) reactance of the circuit model. 
Finally, the effect of simultaneous loading of the first chassis wavemode and 
the CCE monopole mode on a matched CCE antenna of Fig. 4a is studied 
with an example shown in Fig. 23. If only the chassis wavemode is loaded 
with Cu,c1, the resonant frequency of the matched antenna is tuned upwards. 
This happens because the change of the chassis resonant frequency 
decreases the antenna reactance around 1 GHz; see Fig. 21b, and thus the 
resonance is shifted upwards in frequency. Increasing the resistive losses 
Ru,c1 on the chassis wavemode partly compensates the frequency shift 
caused by the effect of the capacitance Cu,c1. The case of only loading the 
chassis wavemode can be associated with the “position 1” of the measured 
example in Fig. 19. Then, if dielectric loading on the monopole mode is 
added (Cu,mm), the resonant frequency of the CCE antenna quickly 
decreases. The reason is the significant increase of the total reactance, see 
Fig. 22b. Adding resistive losses on the monopole mode (Ru,mm) does not 
change the frequency anymore, but it makes the matching level worse by 
shrinking the matching loop on the Smith chart. A similar effect can also be 
seen in the measured example, see “position 3” in Fig. 19. This impedance 
behaviour can be understood with basic resonator theory: a critically-
coupled resonator becomes undercoupled when the internal losses (here 
resistive losses) are increased. 
Rough qualitative radiation efficiency estimations can also be performed 
based on the circuit model. After applying Ru it can easily be calculated how 
much resistive losses are generated in each wavemode compared to the 
radiation “losses”. The results, which are not shown here in detail, indicate 
that the resistive losses in the CCE monopole mode caused by Ru,mm have a 
much larger effect on the overall radiation efficiency than the losses in the 
chassis wavemodes caused by Ru,c1 and Ru,c2, especially at the frequencies 
lower than the half-wave mode of the chassis. The result is also supported 
by the impedance behaviour on the Smith chart in Fig. 19 and Fig. 23, 
0.5 1 1.5 2 2.5 3
0
2
4
6
8
10
12
14
16
18
20
22
Frequency [GHz]
R
es
is
ta
n
ce
 [
o
h
m
]
0.5 1 1.5 2 2.5 3
-250
-200
-150
-100
-50
0
50
100
150
Frequency [GHz]
R
ea
ct
an
ce
 [
o
h
m
]
free space, = 0 pFCu,mm
Cu,mm = 0.3 pF
Cu,mm = 0.6 pF
Cu,mm = 0.9 pF
a) b)
fr,mm
64 
 
where the fairly small impedance loop indicates remarkably increased 
resistive losses and, consequently, the clearly reduced radiation efficiency of 
the antenna. The reason for this is that the resistive losses in the CCE 
monopole mode affect relatively much the total resistance since it is very 
small at the frequencies below the half-wave mode of the chassis (see Fig. 
7b) and thus the radiation efficiency decreases fairly much according to 
(2.7). This is also typical for resonators having a relatively high radiation Q 
value, such as the CCE monopole mode [I] (2.3). On the other hand, the 
resistive losses in the chassis wavemodes do not affect the total resistance 
(and consequently the radiation efficiency) as much as those in the CCE 
monopole mode since the radiation Q values of the chassis wavemodes are 
rather low. At the frequencies above the half-wave mode of the chassis the 
effect of the resistive losses in the CCE monopole mode on the overall 
radiation efficiency becomes clearly smaller. These results have been 
confirmed with EM simulations. 
 
Fig. 23. Effect of the simultaneous loading of the wavemodes on the matching at 
0.95 GHz. 
4.3 User effect of lower UHF-band CCE-based antennas 
In this section and in paper [VII], the operation of the earlier presented 
CCE-based lower UHF-band receiving antenna (see Fig. 10a) in typical use 
positions is investigated. Since users are increasingly using mobile 
terminals for data services, the focus is shifting from the talk mode to the 
data mode and thus the effect of the user’s hands on the antenna operation 
has much greater importance than earlier. Therefore, the main objective of 
[VII] is to study the antenna performance in the presence of the user’s 
hands. The results are not restricted only to the examined antenna, but they 
aim to gain a general understanding on the user’s hand effect within the 
lower UHF band.   
Fig. 24 shows the studied CCE antenna structure in the landscape browsing 
grip, but other use positions (portrait palm and end grips) are also covered 
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in [VII]. The studied parameters are matching (Fig. 25 and Fig. 26a), 
radiation efficiency (Fig. 27a), total efficiency (Fig. 26b and Fig. 27b), and 
far field directional pattern. They are studied with electromagnetic 
simulations and verified with measurements. In order to make the 
interpretation of the SEMCAD simulation results more straightforward, the 
simulations are performed with a lossless antenna model. The user’s hands 
are modelled with the lossy, homogenous, fully-posable human hand 
phantoms available in SEMCAD, see Fig. 24a. The measurements are 
performed with the real hands of a test person, see Fig. 24b. One should 
note that not exactly the same things are simulated and measured, and thus 
direct and precise comparison of the numeric values of the results is not 
possible to perform. Instead, one should observe the trends between the 
simulated and measured results. See further details of the research methods 
in [VII]. 
 
Fig. 24. Studied antenna in the landscape browsing grip, a) in the SEMCAD 
simulator and b) in the impedance measurements. 
 
Fig. 25. Effect of the user’s hands on the a) matching and b) input impedance of the 
antenna with the matching circuit (simulated). 
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Fig. 26. Effect of the user’s hands on the a) matching and b) total efficiency of the 
prototype antenna (measured).  
 
Fig. 27. Simulated a) radiation and b) total efficiency of the antenna. The dots show 
the simulated frequencies. 
Firstly, the fundamental (unmatched) impedance behaviour of the antenna 
in the user’s hand grip presented in [VII] is fully supported by the circuit-
model approach presented in the previous section. Secondly, in the 
matched case (Fig. 25 and Fig. 26a) the impedance band is tuned 
downwards in frequency when the hand is close to the CCE (left hand case), 
compare also with Fig. 19 and Fig. 23. That happens since the total 
reactance increases due to the fact that the resonant frequency of the CCE 
monopole mode decreases, as explained in the previous section in Fig. 22b. 
On the Smith chart in Fig. 25b the impedance operation becomes also non-
optimal (asymmetrical inner loop with respect to the centre of the Smith 
chart according to [96]) since the resonant frequency of resonator 1 (see 
Fig. 25a) changes significantly due to the hand. The matching efficiency 
(2.8) in the simulated case in Fig. 25 decreases 1.9 dB in the worst case at 
0.75 GHz. In the corresponding measured case, the degradation of the 
matching efficiency is smaller since the impedance band is somewhat larger 
on the upper edge of the band. When the hand is at the opposite end to the 
element (right hand case) and loads only the chassis wavemodes, the 
impedance band stays essentially unchanged. This can be explained 
according to Fig. 21b since the reactance is also unchanged at the 
frequencies lower than the resonant frequency of the half-wave mode (in 
this antenna fr,c1 = 0.9 GHz). Actually, the matching level is even improved 
at the whole band since the total resistance of the antenna increases; see the 
0.4 0.5 0.6 0.7 0.8 0.9
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
frequency [GHz]
re
fl
e
ct
io
n
 c
o
ef
fi
ci
en
t 
[d
B
]
free space
left hand
right hand
both hands
worst case
a)
0.47 - 0.75 GHz
-16
-14
-12
-10
-8
-6
-4
-2
0
0,45 0,5 0,55 0,6 0,65 0,7 0,75 0,8
free space right hand left hand both hands
frequency [GHz]
0.47 - 0.75 GHz
b)
-4
-3,5
-3
-2,5
-2
-1,5
-1
-0,5
0
0,45 0,5 0,55 0,6 0,65 0,7 0,75 0,8
free space right hand left hand both hands
Frequency [GHz]
0.47-0.75 GHz -14
-12
-10
-8
-6
-4
-2
0
0,45 0,5 0,55 0,6 0,65 0,7 0,75 0,8
free space right hand left hand both hands
frequency [GHz]
a) b)
0.47-0.75 GHz
67 
 
reason in Fig. 21a. The same effect is reported also in [108]. The same 
trends of the matching behaviour can be noticed with portrait palm and end 
grips in [VII].  
The radiation efficiency (2.7) behaviour (in Fig. 27a) follows the trend 
explained in the end of the previous section: when the hand loads only the 
chassis half-wave wavemode (right hand case), the resistive losses are 
clearly lower than the losses caused by the loading of the CCE monopole 
mode (left hand and both hands case). The total efficiency (2.11) behaviour 
(in Fig. 26b and Fig. 27b) is interesting: it can even increase in some cases 
(right hand). This happens since the matching efficiency improvement 
more than compensates the radiation efficiency degradation. This “positive 
hand effect” is reported at the 0.9-GHz band also in [108]. The hand close 
to the CCE has the most effect on the antenna operation at 0.47-0.75 GHz; 
several of dBs losses compared to the free space case can be expected. The 
simulated realised-gain directional patterns are shown in [VII]. Generally it 
can be concluded that the distortion of the directional patterns due to the 
user’s hands seems not very problematic since the pattern remains rather 
omnidirectional.  
The performed studies give also insight how to compensate the effect of the 
user. Possible ways would be to:  
1) try to place the antenna element in such a location that the user’s 
hand does not cause too heavy loading,  
2) match the antenna over a wide enough impedance bandwidth so 
that the detuning does not result in significant degradation of 
matching efficiency (see Fig. 26a), or  
3) use an adaptive matching circuitry with a matching detector 
[109], [110] (adaptive matching is related to frequency-tuneable 
antennas, see Section 3.3.4), or 
4) use multiple antenna elements, such as in [111], and select the 
element in use based on the location of the hand(s) [112]. 
4.4 Near-field control – focus on hearing-aid compatibility 
Since an electrically small antenna stores inherently much energy in the 
reactive near fields, the strengths of the electric and magnetic fields become 
rather strong around the antenna structure. Fig. 28 shows the SEMCAD-
simulated electric and magnetic field peak strengths (1-W transmit power) 
of the CCE antenna of Fig. 4a at 15-mm distance from the surface of the 
antenna structure, see also Fig. 3a. It can be seen that the strong electric 
fields exist not only around the CCE but also around the open end of the 
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chassis (opposite to the antenna element). It has been explained in [VII] 
that the strong electric fields in the open end are caused by the 
minimum/zero of the common mode current distributions of the chassis 
wavemodes, see also Section 3.3.1. The same phenomenon has later been 
studied in [113], [114].  
 
Fig. 28. Electric and magnetic near fields of the CCE antenna of Fig. 4a at a 15-mm 
distance from the surface of the antenna structure at a) 0.836 GHz and b) 1.88 
GHz.  
One challenge of the strong reactive near fields is related to the hearing-aid 
compatibility (HAC); the problem is well-explained in [115], see also 
Section 2.1.4. The simulated field strength values for this fairly ideal full-
metal design in Fig. 28 are very high and actually not even close to the 
limits of the specifications given in the HAC standard M3 (articulation 
weighting factor -5 dB) [VIII], [16]. Thus, it would be very important to be 
able to somehow reduce the field strengths on the HAC plane which is a 50-
mm square around the earpiece of a mobile terminal at a 15-mm distance 
from the surface of the phone. In Fig. 28 the CCE is defined to be bottom-
located and the HAC plane is shown in the open end of the chassis.   
In order to reduce the field strengths on the HAC plane, the typical 
common mode current distribution of the chassis needs to be somehow 
manipulated, especially in the chassis parts above the HAC plane. One 
should however note that the manipulation of the common mode currents, 
which significantly contribute to the radiation in the UHF band, affects the 
resonant frequency and radiation Q value of the chassis wavemode(s) and 
thus also the total radiation resistance, available impedance bandwidth and 
specific absorption rate values of the antenna. The effect can however be 
favourable if the chassis wavemodes are manipulated suitably relative to the 
used frequency band. 
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In the open literature, there exist some solutions which can be used to 
reduce the near fields of mobile terminal antennas to fulfill the HAC 
standard. In [116], a dual-element phased antenna system is used to create 
differential mode current distributions on the edges of the chassis. This 
antenna system enables clearly reduced near fields in the open end 
(opposite to the antenna elements) of the chassis compared to the antenna 
element(s) which excite the common mode current distributions, such as in 
Fig. 28. Similar operation can also be implemented with a loop antenna 
[116].  
Another option to reduce the near fields on the HAC plane is to 
electromagnetically isolate the segmented part of the chassis above the HAC 
plane from the radiating part of the chassis or the antenna. In [117], the 
upper part of the chassis of a clamshell/folder-type terminal is isolated with 
an LC filter from the lower part the chassis which only supports the strong 
radiative common mode currents. In [118], a loop chip antenna does not 
excite strong currents in the upper part of the chassis of a clamshell/folder-
type terminal. Another way is to use a balanced antenna (such as a bowtie) 
and totally isolate the chassis from the radiator structure [119]. This will, 
however, decrease the available impedance bandwidth, for example, 
compared to the antenna in Fig. 28 (2.4).    
One possible solution to affect the current distribution is to use quarter-
wavelength-long wavetraps which create a high-impedance location on the 
chassis and thus create a new wavemode, see Fig. 29a [120]. This solution 
with a 140-mm-long chassis is proposed by a Swedish research team [121]. 
The wavetraps are quarter-wavelength-long at 1.88 GHz. At the 1-GHz band 
the wavetraps as such would be physically unfeasibly long and hence this 
solution is limited to the upper band. Similar solution for a slider-type 
terminal has been proposed in [122]. The main problem of the wavetraps 
with 100-mm-long chassis in Fig. 29a is that they do not reduce the 
magnetic fields on the HAC plane since the strong currents in the wavetraps 
locally create very high magnetic fields, see Fig. 30a. In order to avoid both 
strong local electric and magnetic fields on the HAC plane, inverted top 
wavetraps are introduced in [VIII], see Fig. 29b. Compared to the case 
without the wavetraps in Fig. 28b, simulated electric and magnetic fields 
are both decreased up to 74% at 1.88 GHz on the HAC plane, see Fig. 30b. 
Across 1.85-1.91 GHz the electric and magnetic field values are decreased at 
least 63% and 66%, respectively. In addition to the remarkably reduced 
field strengths on the HAC plane, the impedance bandwidth is enhanced at 
the 2-GHz band the same way as in [120], and the head SAR value is also 
decreased 23% (from 0.83 W/kg to 0.64 W/kg, 1-g average maximum with 
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0.125-W input power) at 1.88 GHz since the wavetraps decrease the near 
fields on the head side, see Figs. 28b and 30b. The effect of the inverted-top 
wavetraps on the SAR values is later studied in [123] and [124]. 
A prototype based on the antenna structure shown in Fig. 29b was also 
designed, built and measured in [VIII] to validate the simulated results. 
The prototype had 6-dB return loss across 1.85-2.19 GHz (relative 
bandwidth 17%) and the total efficiency of 0.53 - 0.61 at 1.85-1.91 GHz. The 
1-W normalised maximum electric and magnetic field values at 1.85 GHz 
(after the exclusion) are 81 V/m and 0.25 A/m, whilst the corresponding 
values of the reference prototype without the wavetraps are 290 V/m and 
0.77 A/m.  
 
Fig. 29. a) Capacitive coupling element antenna structure and quarter-wavelength-
long wavetraps at 1.88 GHz, and b) the idea of the inverted top wavetraps.  
Dimensions are in mm. 
 
Fig. 30. Electric and magnetic fields of the full-metal antenna structure presented 
in a) Fig. 29a and b) Fig. 29b. 
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5 Summary of articles 
[I]  Broadband Equivalent Circuit Model for Capacitive 
Coupling Element –Based Mobile Terminal Antenna  
It is shown how the behaviour of a capacitive coupling element (CCE)-based 
mobile terminal antenna can be modelled in the UHF band as a 
combination of the separate wavemodes of the structure. The agreement 
between the input impedances of the equivalent circuit model and EM-
simulated antenna structure is excellent. The proposed equivalent circuit 
model improves the general understanding of the operation of the antenna 
structure. The model is used for analysing the combined performance of the 
capacitive coupling element and terminal chassis, but it also helps in 
analysing how different parts of the antenna structure contribute to the 
total impedance, bandwidth and radiation.  
[II]  Internal Broadband Antennas for Digital Television 
Receiver in Mobile Terminals  
The implementation of internal broadband antennas for digital television 
receiver (DTV) in mobile terminals operating in the lower UHF band is 
studied in detail. Certain challenges such as inherently narrow impedance 
bandwidth of electrically small antennas and limited volume available for 
the antennas inside mobile terminals are identified and handled. The 
proposed design principle for DTV antennas is to decrease the total 
efficiency of the antenna to a level which is just good enough to ensure a 
sufficient signal-to-noise ratio and that way make the size of the antenna 
sufficiently small. The limits for the size of broadband capacitive coupling 
element-based DTV antenna structures inside handsets of different sizes 
are studied. The theoretical results suggest that the thinnest possible 
antenna element in today’s typical-sized terminal is 9 mm when reserving 3 
dB for the implementation losses. On the other hand, in tablet-sized 
terminals the antenna element can be made significantly thinner. In the 
end, a built prototype and simulated design are presented and compared 
with the theoretical limits studied in the paper. The results show that the 
studied antenna concept is a promising candidate for broadband DTV 
antennas in mobile terminals. The work also increases general 
understanding on the implementation of compact antennas in the lower 
UHF band. That is important, for instance, for the development of the 
antennas of low-band LTE and cognitive radio. 
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[III]  Power loss and distortion minimization in tuning circuit 
for a mobile terminal antenna 
Broadband tuning circuits of small antennas may have high power losses 
and/or high distortion if the designer does not pay attention to the 
placement of the lossy and nonlinear components in the circuit. 
Experimental results of the distortion of an SPDT HEMT switch under 
different impedance environments are presented. The results indicate that 
if the semiconductor switch is placed in the high-impedance environment, 
the distortion is higher than when it is placed in low-impedance 
environment. The results motivate a broadband frequency tuning circuit 
design for a mobile handset antenna. The tuning circuit, using HEMT 
switches and lumped reactances, compromises between reasonable power 
loss and distortion caused by the switching components. The design is 
simulated and prototyped for E-GSM900 and GSM1800 using a capacitive 
coupling element based antenna. 
[IV]  Mobile terminal antennas implemented by using direct 
coupling 
The current trend in mobile terminals is an increasing number of systems. 
The volume occupied by the antennas of the radio systems is becoming 
more and more problematic and new low-volume antenna solutions are 
needed. Since the chassis of a mobile terminal operates as the main 
radiating structure, especially below 1 GHz, a very low-profile antenna 
structure can be achieved by using a direct feed, i.e., galvanically inducing 
currents on the surface of the chassis. The feed can be placed over an 
impedance discontinuity, for example, formed by a slot. Using this 
approach, an antenna structure for a small handheld digital television 
(DVB-H) receiver is presented. The realised gain of the antenna exceeds the 
specification by a 4-dB margin. The proposed antenna structure may also 
be used for multi-system terminals. 
[V]  Mobile terminal antennas implemented using optimized 
direct feed 
A novel antenna structure based on optimised direct feed is presented. The 
antenna structure consists of the chassis of a mobile terminal, a feed 
structure and a matching circuitry. The chassis is cut in two pieces, which 
are connected with an inductor. The value of the inductor is tuned so that 
the lowest resonant frequency of the chassis equals the centre frequency of 
the operating band. The feed structure excites very strongly the resonant 
wavemode of the chassis and thus very large bandwidth (22% with 10 dB 
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return loss) is available. The feed structure can be integrated, for instance, 
on the PCB of a mobile terminal and thus the antenna is very low-profile. 
The antenna structure has been demonstrated with a simulated and 
measured prototype that covers the GSM850/900 and 
GSM1800/1900/UMTS systems. 
[VI]  Equivalent Circuit Model–Based Approach on the User 
Body Effect of a Mobile Terminal Antenna 
The user body effect on the operation of mobile terminal antennas is 
investigated based on equivalent circuit modelling. The purpose is to 
increase the understanding of the phenomenon, which is important, for 
example, when designing mobile terminal antennas with minimised user 
body effect. The proposed circuit model can explain on a qualitative level 
the behaviour of the impedance and efficiency of UHF-band mobile 
terminal antennas caused by the lossy dielectric material located in the 
reactive near field of a mobile terminal antenna.  
[VII]  Effect of the User on the Operation of Lower UHF Band 
Mobile Terminal Antennas: Focus on Digital Television 
Receiver 
This article deals with the effect of the user’s hands on the performance of 
lower UHF-band antennas in handheld terminals. It is studied how the 
input impedance, efficiency and far field directional pattern of the internal 
broadband digital television (DTV) antenna are affected by the presence of 
the user’s hands. The main part of the study has been carried out by 
applying FDTD simulations. Measurements have been performed to 
support the results obtained by simulations. In the worst case occur when 
the hand is close to the antenna element, and in that case as much as 7-11 
dB decrease of the antenna efficiency compared to free space case is shown. 
The results also indicate that the power absorption to the hand(s) is 
generally a more severe problem for the total efficiency than the change of 
the matching. On the other hand, it is also shown that in certain cases the 
total efficiency of the antenna can even be improved due to the hands of the 
user. The results of this paper increase the understanding of the effect of 
the user’s hands on the operation of the lower UHF-band antennas whose 
operation is based on the radiation of a finite ground plane. 
[VIII] Near Field Control of Handset Antennas Based on 
Inverted Top Wavetraps: Focus on Hearing-aid 
Compatibility 
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The local reduction of the near fields is especially important for the 
operation of the possible hearing aid of the user. It is shown that inverted 
top wavetraps, which are quarter-wavelength-long resonators, can be used 
to control the near fields of a mobile terminal antenna. The reshaping of the 
near fields may also enable reduced specific absorption rate (SAR) values.  
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6 Conclusions 
In this thesis, selected compact UHF-band antennas of mobile terminals 
are investigated in detail. The main goal was to understand the operation, 
benefits and challenges of the compact coupling-based antennas, whose 
operation is based on exploiting the separate wavemodes of the chassis as 
the main radiator. The antenna element itself can be made compact since it 
functions mainly as a coupler which couples to those chassis wavemodes. 
These kinds of antennas play an important role when implementing 
sufficiently small and thin antennas within handheld multi-system radios, 
where the volume reserved for antennas is very limited. 
This work includes equivalent circuits for modelling the operation of 
coupling-based antennas [I], [VI], novel antenna implementations and 
their comprehensive operation analysis [II], [III], [VII], and new antenna 
inventions [IV], [V], [VIII]. The new solutions and understanding can be 
exploited in the development of the antennas for the multi-system 
handheld devices of the future. 
The proposed equivalent circuit model provides improved general 
understanding of the operation of capacitive coupling element (CCE) 
antennas, as well as a tool for analysing the effect of each part of the 
antenna structure on the total impedance and radiation. The circuit model 
has also been modified to take into account the effect of lossy dielectric 
material on each wavemode, and then the model is used to explain the 
effect of the user on the impedance and efficiency behaviour of mobile 
terminal antennas.  
The implementation, design and user effect of lower UHF-band (below 1 
GHz) broadband antennas based on the CCE is studied in detail. The design 
principle of such receiving antennas is to sacrifice the performance 
(efficiency) of the antenna to the lowest acceptable level in order to 
implement the required impedance bandwidth with a sufficiently small and 
low-profile CCE. The shape and location of the CCE was designed to 
optimally excite the dominant wavemode of the chassis. In addition, 
optimal multi-resonant matching circuits with up to two additional 
resonators, consisting of high-Q lumped elements, were applied. Further 
increase of the number of the additional resonators, which might not 
anyway be feasible in practice, would not significantly increase bandwidth 
anymore (Bode-Fano theory). Thus, the bandwidths of the studied antenna 
structures approach the upper limit achievable with passive solutions. In 
particular, the lower limit for the size of selected CCE-based antenna 
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structures embedded within terminals of different sizes was studied. The 
results indicate that in today’s small- and typical-size terminals relatively 
thick and large CCEs are required to provide the required performance (for 
the DVB-H system) in the lower UHF band. On the other hand, in tablet-
size terminals the CCE can be made significantly thinner and smaller. 
Generally, the size of the chassis has a significant effect on the required size 
of the antenna element. The same method could be extended to evaluate the 
required sizes of CCEs in other frequency bands, such as low-band LTE and 
1-GHz cellular systems. The user’s hand very close to the CCE was shown to 
cause a large influence on the antenna operation among the studied hand 
grips. In that case, the total efficiency decreases significantly, mainly due to 
the absorption of the hand (not the mismatching). When the hand is located 
far from the CCE, it is not difficult to keep the performance up and actually, 
in certain cases it was shown that the hand can even improve the total 
efficiency of mobile terminal antennas. All these user effect results were 
explained on a qualitative level also with the help of the proposed 
equivalent circuit model. 
Since the upper limit of the available impedance bandwidth is approached 
with the studied passive CCE antenna structures in the lower UHF band, 
ever larger virtual bandwidths and/or several separate non-simultaneous 
frequency bands can be covered with a single CCE only by using frequency-
tuneable matching circuits. It has been studied in detail that the main 
challenges in the implementation of such tuning circuits are the resistive 
losses and non-linearity of the required RF semiconductor tuning 
component. The results show that the problems in the tuning component 
can be reduced by carefully designing the impedance environment of the 
semiconductor component. In the future, the expected development of the 
RF tuning components, such as MEMS switches, semiconductor switches 
and varactors, improves the feasibility of the wideband frequency-tuneable 
antennas. 
It was demonstrated that very low-profile antennas can be implemented by 
exciting the chassis wavemodes galvanically with a direct feed across an 
impedance discontinuity, such as a slot which supports transmission-line-
type (differential-type) wavemode. The coupling from the slot wavemode to 
the chassis major axis (common mode) wavemodes becomes relatively 
strong (compared to CCE antennas) and relatively large impedance 
bandwidths were achieved. The results also show that the main challenges 
with the direct feed antennas are related to the increased local specific 
absorption rate values and the complexity of the integration of the slots on 
the PCB of a real terminal.    
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This work also reveals several research topics that should be further studied 
in the future. Even though the implementation of the compact coupling-
based antenna structures is well-understood, novel circuit technologies 
could still improve bandwidth-to-volume ratio, lower the resistive losses, 
and enable a higher integration level. Especially, methods for controlling or 
adjusting the electrical properties of the chassis could further improve the 
impedance bandwidth and thus enable ever smaller antenna elements. In 
the case of frequency-tuneable antennas, more flexible tuning range, lower 
resistive losses and distortion would be important features of the antennas 
of the mobile terminals of the future, and they should be improved in the 
further studies. The enhancement of the isolation between dual or multiple 
antenna elements, especially in the lower UHF band, requires more work 
with the antenna structures as well as on the circuit/filter level. In addition, 
in the case of frequency-tuneable antennas, the filtering/decoupling might 
also need to be frequency-tuneable. Hence, the development of the circuit 
technologies is in key position in the improvement of small mobile terminal 
antennas in the future. More work with the SAR control methods of the 
direct feed antennas is also required. The future work on the effect of the 
user on the operation of the antenna could include research in the 
compensation methods, for instance, using multi-element technology.  
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The background of this thesis is the trend of 
ever decreasing space available for antennas 
embedded within mobile terminals. At the 
same time the antennas are increasingly 
required to cover a large number of separate 
frequency bands and/or have wideband 
operation. In addition, those antennas 
should perform sufﬁciently well in the 
vicinity of the user. This forms the 
motivation for the novel compact coupling-
based antennas introduced and studied in 
this thesis. The operation of such antennas 
is based on exploiting the wavemodes of the 
chassis of a mobile terminal as the main 
radiator. The antenna element itself 
functions mainly as a coupler which couples 
to those radiating chassis wavemodes. This 
work concentrates on the modelling, 
implementation and design of such 
antennas in free space, and the effect of the 
user on the operation of the antenna. The 
understanding gained in this thesis can be 
exploited in the development of the 
antennas for mobile terminals of the future. 
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